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PYROLYSIS PROCESS EFFECTS ON THE STRUCTURAL PROPERTIES 
OF BIOMASS AND ITS FUNCTIONAL GROUP DISTRIBUTION 
SUMMARY 
The use of renewable energy sources to meet the growing energy needs of our 
country become increasingly important. Biomass has a considerable potential in our 
renewable energy sources. 
Biomass has a low energy intension when it is compared to fossil fuels. Therefore, it 
is important to choose appropriate thermal processes (pyrolysis, gasification, 
liquefaction, combustion) in order to generate energy from biomass. 
Holocellulose, lignin and extractive compounds are the major constituents of 
biomass which are present in different ratios and different species. Also, they have 
different thermal behaviours in thermal processes. 
In this study, under pyrolytic conditions, the thermal behaviours and the functional 
group distributions of structural components of biomass were investigated. 
Agricultural crop (sunflower stalk and stover), industrial waste (apricot stone) and 
energy forestry biomass (hybrid poplar) were used as biomass samples.  
Holocellulose and lignin were isolated from samples seperately, after the extractive 
matter removal by alcohol-benzene extraction. Proximate analysis, calorific value 
analysis, thermal analyses (TG, DTG, DTA, DSC), XRD analyses for detecting 
crystallinity and amorph structures, XRF analyses for detecting inorganic species of 
biomass samples and their structural components were performed. 
The characteristic pyrolysis temperatures as the beginning of the volatile matter 
release, the maximum volatile matter release, the end of the volatile matter realease, 
and the end of the weight loss temperatures were determined from DTG curves of 
thermal analysis, which was performed under inert atmosphere. 
The biochars were produced at the determined temperatures under nitrogen 
atmosphere with a heating rate 10
o
C/min in horizontal tube furnace. FTIR analyses 
were performed to investigate the functional group distribution of produced biochars. 
In addition, BET and SEM analyses were performed to investigate the physical and 
structural features of produced biochars. 
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PİROLİTİK PROSESİN BİYOKÜTLENİN YAPISAL ÖZELLİKLERİNE VE 
FONKSİYONEL GRUP DAĞILIMINA ETKİSİ 
ÖZET 
Ülkemizin artan enerji ihtiyacını karşılayabilmek için yenilenebilir enerji 
kaynaklarının kullanımı giderek önem kazanmaktadır ve yenilenebilir enerji 
kaynaklarımız içerisinde biyokütle önemli bir potansiyele sahiptir. 
Biyokütle, fosil yakıtlarla kıyaslandığında daha düşük enerji yoğunluğuna sahiptir. 
Bu nedenle, biyokütleden enerji üretebilmek amacıyla uygun proseslerin seçimi         
(piroliz, gazlaştırma, sıvılaştırma, yakma) önemlidir. 
Holoselüloz, lignin, ekstraktif maddeler, biyokütlenin ana bileşenleri olmakla 
birlikte, biyokütlede farklı oranlarda ve türlerde bulunur. Bu maddelerin termal 
dönüşüm proseslerindeki davranımları farklıdır.  
Bu çalışmada, biyokütlenin yapısal bileşenlerinin pirolitik şartlardaki termal 
davranımı ve fonksiyonel grup dağılımları incelenmiştir. Biyokütle numunesi olarak, 
tarımsal atık (ayçiçeği sapı ve tablası), endüstriyel atık (kayısı çekirdeği), ve enerji 
ormancılığında kullanılan ağaç türü (melez kavak)  seçilmiştir. 
Biyokütle numunelerinin alkol-benzen ekstraksiyonu ile ekstraktif maddeleri 
giderildikten sonra holoselüloz ve lignin ayrı ayrı izole edilmiştir. Biyokütle ve 
yapısal bileşenlerine kısa analiz, ısıl değer, termal analizler (TG, DTG, DTA, DSC), 
amorf ve kristal yapıların tayini için XRD analizleri, inorganik yapıların tayini için 
ise XRF analizleri gerçekleştirilmiştir. 
Biyokütle numunelerinin ve yapısal bileşenlerinin inert atmosferde gerçekleştirilen 
termal analizlerinden elde edilen DTG eğrilerinden uçucu maddelerin çıkmaya 
başladığı, uçucu madde çıkışının maksimum olduğu, sonlandığı ve ağırlık kaybının 
sabitlendiği karakteristik sıcaklıklar belirlenmiştir. 
Biyokütle ve yapısal bileşenlerinden azot atmosferinde 10oC/dak. ısıtma hızıyla  
belirlenen sıcaklıklarda yatay boru fırında yarıkoklar üretilmiş ve  fonksiyonel grup 
dağılımlarını belirlemek amacıyla FTIR analizleri gerçekleştirilmiştir. Ayrıca; 
üretilen yarıkokların fiziksel ve yapısal özelliklerinin incelenmesi amacıyla BET ve 
SEM  teknikleri de uygulanmıştır.  
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1. INTRODUCTION 
Energy is essential to economic and social development and improved quality of life 
in all countries. Turkey has a rapidly growing economy and coupled with a 
population of over 76.5 million, is facing a growth in energy consumption of 8% per 
year. Turkey is heavily dependent on fossil fuels to meet its energy requirements, 
like many other developing countries [1]. 
Today’s energy systems are unsustainable because of equity issues as well as 
environmental, economic, and geopolitical concerns that have implications far into 
the future. Now, world is facing critical problems as, high fuel prices, climate 
change, and air pollution [2,3]. 
 Renewable energy is one of the most efficient way to achieve sustainable 
development. In contrast to fossil fuels, the use of biomass for energy provides 
significant environmental advantages. Plant growth needed to generate biomass 
feedstocks remove atmospheric carbon dioxide, which offsets the increase in 
atmospheric carbondioxide that results from biomass fuel combustion. The climate 
change effects of carbon dioxide from fossil fuels are now generally recognized as a 
potential serious environmental problems [4]. 
There are many bioenergy routes which can be used to convert biomass feedstock in 
to a final energy product. Upgrading technologies for biomass feedstocks (e.g. 
pelletisation, torrefaction and pyrolysis) are being developed to convert bulky raw 
biomass in to denser and more practical energy carriers for more efficient transport, 
storage and convenient use [5]. 
Pyrolysis, plays an important role of the biomass thermal conversion processes, so 
the knowledge of the mechanism is crucial to predict the pyrolysis yield and 
composition as a function of feedstock characteristics and process conditions [6].  
Pyrolysis processes are applied on biomass feedstocks to increase their energy 
efficiency within the physical processes. The carbonization product of biomass is 
called ‘biochar’. 
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Biochar is used to produce energy by combustion and gasification proccesses. In 
addition it is used as soil amandment for sustainable soil management. Biochar is 
very stable compound that it has carbon negative effect to the atmosphere. It is 
important for reducing wastes, such as agricultural crops and industrial residues. 
In this study, the pyrolysis process temperature effects on biomass structural 
properties and biochar functional group distribution were investigated. Sunflower 
stalk and stover from Trakya region was used as an agricultural crop, apricot stone 
was used as an industrial waste and hybrid poplar wood was used as an energy 
forestry biomass. Different pyrolysis temperatures were applied to produce biochars 
according to their degradation characteristics. The temperature effects on biochar 
yields and functional group distribution  and thermal behaviour were investigated to 
characterize biochars and achieve information about their pyrolysis process 
conditions for their production. 
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2. BIOMASS  
2.1 Introduction to Biomass 
Biomass is an organic material that has stored sunlight in the form of chemical 
energy. All biomass is produced by green plants converting sunlight into plant 
material through photosynthesis. 
Biomass can be examined in three categories such as woody, non-woody, and animal 
wastes. Firstly, woody biomass is produced in forests and agro-industrial plantations, 
bush trees, urban trees, and farm trees. Secondly, non-woody biomass is produced in 
crop residues as straw, leaves, and plant stems processing residues like saw dust, 
bagasse, nutshell, and husks and domestic wastes (food rubbish and sewage). Lastly, 
animal waste constitutes the waste from animal husbandry [7]. 
Biomass feedstocks (whether they are agricultural, marine or food waste) for 
producing chemicals and fuels are becoming more commercially viable [8]. The 
conversion process is chosen by end user requirements and the source and nature of 
biomass [9]. 
Biomass energy implementation can help to reduce use of fosil fuels, thus: 
 Limiting the dependency on fosil fuels and its exporters. 
 Facilitating a diversification of energy sources. 
 Achieving a reduction of GHG emissions. 
 Providing options for regional and rural development in both developed and 
developing countries [10]. 
 Scope for using wastes and residues, reducing waste disposal problems and 
making better use of resources [5]. 
 
4 
2.2 Biomass Energy in the World 
World’s potentially largest, renewable and  sustainable energy source is biomass. 
Biomass energy includes fuelwoods, agricultural residues, industrial and animal 
wastes, charcoals and other fuels derived from biological sources. It currently 
accounts for about 14% of world energy consumption. By the year 2010, about 135 
Mtoe (8.5%) of the primary energy could be derived from biomass, representing an 
additional 90 Mtoe [11,12]. 
For the past several decades, electricity is the world’s fastest growing form of end 
use energy consumption. According to reference case projection of IEA, net 
electricity generation worldwide rises by 2.3 percent per year on average from 2007 
to 2035, while total world energy demand grows by 1.4 percent per year. Coal 
provides the largest share of world electricity generation. It accounted for 42 percent 
of total generation in 2007, and its share is expected largely unchanged through 
2035. 
According to reference case projection of IEA from 2007 to 2035, world renewable 
energy use for electricity generation grows by an average of 3.0 percent per year and 
the renewable share of world electricity generation increases from 18 percent in 2007 
to 23 percent in 2035. 
Although they remain a small part of total renewable generation, renewables other 
than hydroelectricity and wind including solar, geothermal, biomass, waste, and 
tidal/wave/oceanic energy do increase at a rapid rate over the projection period. ( see 
Figure 2.1) [5]. 
Theoretically harvestable biomass energy potential of the world is of the order of 90 
TW, the technical potential on a sustainable basis is of the order of 8–13 TW/year. 
This potential is 3–4 times the present electrical generation capacity of the world. On 
the other hand, the biggest advantage of biomass as an energy resource is its 
relatively straightforward transformation into transportation fuels. Biofuels have the 
potential to replace as much as 75% of the petroleum fuels in use for transportation 
in the United States of America today without the need for additional infrastructure 
development [1]. 
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Figure 2.1 :World renewable electricity generation by energy source,excluding                    
wind and hydropower 2007-2035 (billion kilowatthours) [5]. 
Biomass is not just available from agriculture, but is also available in the form of 
industrial and municipal waste streams (see Figure 2.2). Global reserves of 
sustainable biomass are estimated to be 200 billion tonnes (oven-dried material), of 
which only 3 per cent is currently utilised [8].  
 
Figure 2.2: Share of bioenergy in the world primary energy mix [5]. 
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2.3 Biomass Energy in Turkey 
Turkey is interested in renewable energy resources and gives effort to provide the 
sustainability of using these energy resources. In recent years, electricity generation 
from renewable energy sources has been promoted. Regulations concerning 
renewable energy sources have been established. 
Renewables share in Turkey was shown in Table 2.1. 
Table 2.1 : Renewables share in Turkey in 2005 [12]. 
 Production (%) 
Hydropower 4112 36.6 
Fuel wood 4081 36.3 
Animal and plant waste 1376 12.3 
Geothermal 1412 12.5 
Solar   262   2.3 
Wind       3    - 
Total 11.246 100 
Biomass potential includes wood, animal and plant wastes. Among the biomass 
energy sources, fuelwood seems to be the most interesting because its share of the 
total energy production of Turkey is high at 21%. Biomass in the forms of fuelwood 
and animal wastes is the main fuel for heating and cooking in many urban and rural 
areas [13]. The total biomass energy potential of Turkey is about 32 Mtoe. And the 
amount of usable biomass potential of Turkey is approximately 17 Mtoe [14]. (see 
Table 2.2) Among OECD countries, Turkey takes the fourth place from the top in the 
estimated total energy potential from crop residues with 9.5 Mtoe [15]. 
Table 2.2: Total recovarable bio-energy potential in Turkey [16]. 
Type of biomass Energy potential (ktoe) 
Dry agriculture residue 4.560 
Moist agriculture residue 250 
Animal waste 2.350 
Forestry and wood processing residues 4.300 
Municipality wastes  1.300 
Firewood 4.160 
Total bio-enery 16.920 
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Turkey’s annual electric energy demand in 2015 and 2020 is predicted that it goes up 
to 410 TWh and 571 TWh respectively. The environmental impact of renewable 
energy technologies is far less than that of fossil fuel-fired power plants [12].  
Reducing use of fossil fuels would considerably reduce the amount of carbon dioxide 
produced, as well as reducing the levels of the pollutants which cause acid rains. 
Fossil fuel-fired power plants are responsible for 33% of the country’s total CO2 
emissions. In 2010 Turkey release 656 g CO2  for each kWh of electricity use [17]. 
Despite an increase in the interest for renewable energy in the recent years, its share 
in the energy mix does not increase as energy demand has been growing steadily. 
According to World Energy Council 2010 report [5], Turkey’s electricity generating 
capacity from municipal solid waste is 59.65 kW.  
2.4 Biomass As a Lignocellulosic Material 
Lignocellulosic materials are the most abundant renewable resources in the world 
that will become the main feedstocks for the future chemical and energy industries. 
The recent technical progress in chemical technology and biotechnology makes their 
efficient utilization possible. Lignocellulosic feedstock bio-refinery is the most 
effective model for their widely use. By this technology fuels, power, and chemicals 
are produced from lignocellulosic materials [18]. 
Cellulose, hemicellulose, and lignin are the polymers that provide the structural 
rigidity in higher plants [19]. Cellulose forms the primary component of green plants 
and wood. It is the most abundantly natural material that nature produces between 
10
10
 and 10
11
 tons of cellulose annually [20]. Cellulose is a polymer raw material that 
used for two main purposes. It is used as a construction material, mainly in the form 
of intact wood, or textile fibers such as cotton or flax and in the form of paper and 
board. On the other hand, cellulose is a versatile starting  material that derivatives are 
used in many areas of industry [21]. 
Hemicelluloses is a key component of plant cell walls, comprising up to 25-30% of 
woody plant tissues. It is a branched polymer that may contain many different sugar 
monomers, hexoses and pentoses. Pentoses are used to produce furfural, an industrial 
chemical, used as a solvent for resins and waxes and in petrochemical refining [22]. 
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Lignin, after cellulose and hemicellulose, is the third most abundant organic 
substance and the only renewable aromatic resource in nature. It  is used in many 
industries. Unsulfonated lignins are used in the production of vanillin and dimethyl 
sulfoxide. Vanillin is widely used as an ingredient in food flavours and 
pharmaceuticals and as a fragrance in perfumes and odor-masking products[23,24]. 
Around 1.4 million tonnes unsulfonated lignins are produced and used in polymer 
resin industry, especially in the production of novel polyurethane composits. 
Sulfonated lignins are used as a dispersant in paints, clay, porcelain, dyes and 
pesticides. It is also used as a binder in animal feed and as an additive to concrete 
and gypsum. 
2.5 Structures of Biomass Components 
The major organic components of biomass can be classified as cellulose, 
hemicellulose and lignin.  Main components of plant biomass were shown in Figure 
2.1. The weight percent of cellulose, hemicellulose, and lignin varies enormously in 
different biomass species. Generally 30-50 % cellulose, 20-40 % hemicellulose and 
15-25 % lignin exist in biomass [4]. 
 
Figure 2.3: Main components in plant biomass [2]. 
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2.5.1 Cellulose 
Cellulose is a linear homopolysaccharide of D-glucopyranose units linked through β-
(1,4) linkages as shown in Figure 2.4. Natural cellulose is a semicrystalline polymer 
with crystalline sections formed by polymer faction by strong hydrogen bonding  in 
plane, and Van der Waals interactions between planes [6]. 
 
Figure 2.4: Chemical structure of cellulose [4]. 
Groups of cellulose chains twist in space to make up ribbonlike microfibril sheets, 
which are the basic construction units for a variety of complex fibers. These 
microfibrils form composite tubular structures that run along a longitudinal tree axis.  
The crystalline structure resists thermal decomposition better than hemicelluloses. 
Amorphous regions in cellulose exist that contain waters of hydration, and free water 
is  present within the wood. This water, when rapidly heated, disrupts the structure 
by a steam explosion-like process prior to chemical dehydration of the cellulose 
molecules [25]. 
Cellulose forms long chains that are bonded to each other by a long network of 
hydrogen bonds (see Figure 2.5). 
 
Figure 2.5 : Intrachain and interchain hydrogen-bonded bridging [25]. 
 
 
 
10 
2.5.2 Hemicellulose 
Hemicellulose is a term which first used by Schulze [26], often found in cell-walls 
with cellulose. Hemicelluloses are diverse in both sugar components and structure, 
with polymeric molecular weights below 50,000 [19]. Since these 
heteropolysaccharides are often branched polymers, they can not constitute 
crystalline structures [22]. Hemicelluloses have a random amorphous structure and 
are comprised of several polysaccharides such as arabinoxylans; (1→3) and (1→4)-
β-glucans, xyloglucans, pectins, and gluco- and galacto-mannans [20].  
The main hemicellulose in hardwood is glucuronoxylan, while the predominant type 
in softwood is galactoglucomannan (see Figure 2.6, 2.7). 
 
Figure 2.6: Glucuronoxylan in hardwoods [27]. 
 
 
Figure 2.7: Galactoglucomannan in softwoods [27]. 
In contrast to cellulose, hemicellulose is easily hydroliysed into its constituent 
monomers [22]. 
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2.5.3 Lignin 
More than a century, lignin research has produced an enormous amount of 
experimental results which are difficult to reproduce [28]. 
Lignin is an amorphous non-polar macromolecule, consisted of phenylprophane 
units. It is linked through covalent bonds (ester and ether) to hemicelluloses that 
generate lignin-carbonhydrate complex [22]. Lignin binds cellulose and 
holocellulose into three-dimensional structures and protects their linkages from 
chemical and microbial attack [29]. 
Classic lignin structure has three units (see Figure 2.8): 
 The p-hydroxyphenyl unit, derived from the trans-p-cumaryl alcohol, which 
is characteristic of grasses. 
 The guaiacyl unit, derived from the trans-coniferyl alcohol, which abundantly 
present in softwoods. 
 The syringl unit, derived from the trans-sinapyl alcohol, which is present with 
the guaiacyl unit in hardwoods.               
 
Figure 2.8: Molecules and monomeric units of lignin [27,30]. 
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The structure of lignin depends on the source and extraction method [24].  Banoub et  
al. [28] investigated the structure of wheat straw lignin and found that native lignin 
polymer composed of a mixture of different linear polycondensed coniferyl units. 
The stable linkages, like biphenyl carbon–carbon linkages between aromatic carbons, 
alkyl–aryl carbon–carbon linkages between an aliphatic and aromatic carbon, and 
hydrolysis-resistant ether linkages make lignin very resistant against ether linkages. 
The only linkage which is relatively weak and hyrolysable is the α-aryl ether bond as 
it shown in Figure 2.9 by the dotted circles [20].  
 
Figure 2.9: The structure of lignin from Beech [31]. 
The methoxyl functional group is the most characteristic of the variety of functional 
groups present in lignin, which include methoxyl, carbonyl and hydroxyl groups 
[32]. Lignin pyrolysis products are classified as coumaryl, vanillyl, and stringyl 
units. The proportions of these biomonomers can be varied considerably among the 
softwoods and hardwoods. For instance, grasses have mainly products from p-
coumaryl alcohol. Hardwoods are enriched in products from sinapyl alcohol, 
softwoods has a high proportion of products from coniferyl alcohol. 
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2.5.4 Extractives 
Extractives are organic products, which are not the part of the biomass polymeric 
walls. They can be extracted by hot water or organic solvents. The simple sugars and 
fats, amino acids and carboxylic acids are primary metabolites, which are always 
present in the extract. The more complex secondary metabolites (e.g. phytosterols, 
terpenes, phenolic compounds, etc.) are taxonomically very important [33].  
Terpenoids, steroids, fats, waxes as well as phenolic constituents such as stilbenes, 
lignans, tannins and flavonoids comprise the wood extractives. Fats and waxes, as in 
other biological systems are utilized as energy source while terpenoids and steroids 
are known as oleoresins. The last group also has anti-microbial as well as 
insectresistance properties. Some extractives are pharmaceutically important. For 
example, flavanoids are used as antioxidants and as antivirals [34]. 
These compounds play a role in influencing the ignitability of biomass as a result of 
their high volatility. They also increase the heating value of plant materials [33]. 
Some extractive structures are shown in Figure 2.10. 
 
Figure 2.10 : Examples of wood extractives. [(a) abietic acid (oleoresin); 
                  (b) cathechin (flavonoid); (c) palmitic acid (fatty acid)] [25]. 
2.5.5 Ash 
Ash, which is inorganic component of biomasses, come from metal salts that are 
deposited in the plant cell walls and lumens. Calcium is commonly the most 
abundant metal followed by potassium and magnesium [25]. 
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3. PYROLYSIS OF BIOMASS 
3.1   Introduction to Pyrolysis 
Pyrolysis technology principles were first brought forth in 1958 at Bell Laboratories 
within the United States of America. Then, number of universities and some 
organizations around the world interested in this technology and started research and 
design program.  
Pyrolysis is a term being used to describe chemical reaction and molecular break 
down, or degradation of materials. Organic materials chemically decomposes by heat 
in the absence of oxygen. 
 Pyrolysis is a part of the gasification process, which can be separated into two main 
stages, solid devolatilization (pyrolysis) and char conversion (combustion and 
gasification). The pyrolysis pushes biomass cracking to the maximum level  by 
completely transforming it into a combustible gas before burning it. This process 
degrades waste to produce char, pyrolysis oil and synthetic gas [35]. Figure 3.1 
represents the biomass pyrolysis products. 
 
Figure 3.1: Fractination of biomass pyrolysis products [3]. 
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The solid product from pyrolysis contain char, ash and unchanged biomass material. 
The chemical composition of char can be varied by pyrolysis conditions. Obtained 
char can be used in the preparation of active carbon, if it has appropriate pore 
structure and surface area [36]. 
The liquid product from pyrolysis is often called oil, but is more like tar. This also 
can be degraded to liquid hydrocarbon fuels. This fraction is a complex mixture of 
water and organic chemicals. For highly cellulosic biomass feedstocks, the liquid 
fraction usually contains acids, alcohols, aldehydes, ketones, esters, heterocyclic 
derivatives and phenolic compounds. Tar is a viscous black liquid byproduct of the 
pyrolysis of biomass, that can be used in pitch, varnishes, cements, preservatives, and 
medicines as disinfectants and antiseptics. 
The gas product of pyrolysis mainly contains CO2, CO, CH4, H2, C2H6, C2H4, minor 
amounts of higher gaseous organics and water vapour. It usually has a medium 
heating value (MHV) fuel gas around 15–22 MJ/Nm3 or a lower heating value 
(LHV) fuel gas of around 4–8 MJ/Nm3 from partial gasification depending on feed 
and processing parameters. The syngas gas be utilized for the production of reliable, 
cost-effective and renewable electricity [3,36]. 
Pyrolysis has several comparable advantages over conventional combustion 
technologies. 
 Synthetic gas product of pyrolysis process, which has a calorific value, is 
connected to gas fired engines that produce heat and power together. It has 
higher electrical efficiencies (22% to 37%) than biomass combustion 
technologies with steam generation and standart turbine technology(15% to 
18%). 
 Produced gas can be used in fuel cells with higher overall electrical efficiency 
in the range of %25 to 50%. 
 As compared to combustion, pyrolysis reduces carbon dioxide emission and 
the formation of NOx compounds.  When the gas used in fuel cells instead of 
using it in gas-fired engines or gas turbines, the lower emissions of 
hydrocarbons are expected too. 
The disadvantage of pyrolysis proses is rather low energy yield and  pollution. In 
practice it is not possible to achieve a completely oxygen-free athmosphere. Some 
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oxygen can present in any pyrolysis system, that causes formation of dioxins. When 
outcoming gases are cooled, it condenses produce oil/tar residue that contaminated 
water. These oils and tars might be hazardous wastes that requires proper treatment, 
storage and disposal [35]. 
3.2 Biomass Pyrolysis Techniques 
Depending on the operating conditions, the pyrolysis process can be divided into 
three subclasses: conventional slow pyrolysis (carbonization), fast pyrolysis, and 
flash pyrolysis. Important operating parameters for pyrolysis processes are given in 
Table 3.1. 
Table 3.1 : Main operating parameters for pyrolysis processes[37]. 
The ratio of the yields of solid char and volatile pyrolysis products depends on 
temperature, pressure and heating rate [35]. Lower process temperature, slow heating 
rates and longer solid residence times favour the production of charcoal.  High 
temperature and longer residence time increase the biomass conversion to gas. 
Moderate temperature and short vapour residence time are optimum for producing 
liquids [38,39]. Table 3.2 indicates how the process temperature effects on the 
production yield of different biomass feedstoks. 
Table 3.2 : Product yields from different biomass feedstocks as a function of  
pyrolysis temperature [39]. 
 Low-energy gas (wt %) Pyrolytic oil (wt %) Charcoal (wt %) 
Feedstock 500oC 700oC 900oC 500oC 700oC 900oC 500oC 700oC 900oC 
Biosolids 10 26  10 2  12 11  
Corncobs 17 65 52 22 7 3 26 14 17 
Manure 20 30 42 18 7 2 28 14 11 
MSW 23 36 50 11 6 3  24 13 
Paper 16 45 70 47 8 3 10 6 4 
Wood chips 23 35 53 19 6 2 27 20 22 
 Slow pyrolysis Fast pyrolysis Flash pyrolysis 
Pyrolysis temperature (
o
C) 300-700 600-1000 800-1000 
Heating rate (
o
Cs
-1
) 0.1-1 10-200 >1000 
Particle size (mm) 5-50 <1 <0.2 
Solid residence time (s) 300-550 0.5-10 <0.5 
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The cellulosics and hemicellulosics are the main sources of volatiles in biomass 
feedstocks.  Under conventional pyrolysis conditions, we can only obtain the yield 
about 8 to 15% of their weight as charcoal. The lignins yield nearly 50% of their 
weight as charcoal under these conditions [39]. 
3.2.1 Slow pyrolysis 
Slow pyrolysis process, with a relatively long vapour residence time and low heating 
rate, has been used to produce charcoal for thousands of years [40]. The pyrolysis 
occurs over several days in limited oxygen and heat is maintained by combustion of 
the evolved gas. Gas phase products have opportunity to continue to react with other 
products to form char by given long residence times at the reactors. Earth kiln 
techniques are still widely used in developing countries for char production. 
3.2.2 Fast pyrolysis 
The process is often referred as ‘fast pyrolysis’, in particular when the reaction 
conditions are optimized towards the production of liquid products. During this 
process the biomass is heated up in a very short time at moderate temperatures 
compared to combustion or gasification, typically in the 350-500 
o
C range. 
Typically, fast pyrolysis processes produce 60-75 % by weight liquid bio-oil, 15-25 
% by weight solid char, and 10-20 % by weight noncondensable gases depending on 
the biomass feedstock used. The biochar product of fast pyrolysis is granular and 
displays a lower calorific value (23–32 MJ kg-1) than that of slow pyrolysis. Pilot 
scale reactors, fluidized-bed and circulating fluidized bed reactors, rotating cone 
reactors, etc. are also used for this purpose [37]. 
3.2.2.1 Flash pyrolysis 
Flash pyrolysis is an improved version of fast pyrolysis. The heating rates are very 
high, 1000
o
Cs
-1
, with reaction times of few to several seconds. Entrained flow and 
fluidized-bed reactors are considered the best reactors for flash pyrolysis. For better 
yields, this process requires smaller particle size compared to the other processes 
[37]. 
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3.3 Pyrolysis Reaction Mechanisms 
Chemical reactions such as, dehydration, cracking, isomerization, dehydrogenation, 
aromatization, coking, and condensation and rearrangements occur during pyrolysis. 
The products are water, carbon oxides, other gases, charcoal, organic compounds 
(which have lower average molecular weights than their immediate precursors), tars, 
and polymers [39].  
3.3.1 Pyrolysis process stages  
There are three stages for a typical pyrolysis process based on thermogravimetric 
analysis (TGA). The first stage is called pre-pyrolysis occurs between 120 and 200 
o
C with a slight observed weight loss. Some internal rearrangements, such as bond 
breakage, formation of carbonyl groups and free radicals takes place with a 
corresponding release of small amounts of water (H2O), carbon monoxide (CO) , and 
CO2. The second-stage, during which solid decomposition occurs, is the main 
pyrolysis process. There is a significant weight loss from the initially fed biomass. 
Third-stage is the continuous char devolatilization, caused by the further fraction of 
C-H and C-O bonds [3]. Table 3.3 shows the pyrolysis process steps and gas product 
yields from dry distillation of wood and Figure 3.2 shows the formation of 
polyaromatic hydrocarbons results from tertiary reactions at high temperatures. 
Table 3.3: Composition of gases from the slow, dry distillation of wood [39]. 
Process Temperature 
(
o
C) 
H2 
(mol%) 
CO 
(mol%) 
CO2 
(mol%) 
HCs 
(mol%) 
Elimination of water 155-200 0 30.5 68.0 2.0 
Evolution of carbon oxides 200-280 0.2 30.5 66.5 3.3 
Start of hydrocarbon evolution 280-380 5.5 20.5 35.5 36.6 
Evolution of hydrocarbons 380-500 7.5 12.3 31.5 48.7 
Dissociacion 500-700 48.7 24.5 12.2 20.4 
Evolution of hydrogen 700-900 80.7 9.6 0.4 8.7 
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3.3.2 Pyrolysis of lignocellulosic materials 
Pyrolysis of lignocellulosic materials involves three major parallel pathways: 
1. A biochar-and gas –forming pathway; 
2. A liquid- and-tar-forming pathway; and 
3. A gasification and carbonization pathway 
Competition between these pathways, whose relative rates are largely determined by 
the highest heat treatment temperature (HTT), volatile removal rate and particle 
residence time during the process, controls the relative abundance of thermal 
degradation products [41]. 
 
Figure 3.2 : Pyrolysis pathways [42]. 
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Lignocellulose degradation begins at temperatures above approximately 120
o
C and is 
dominated by the biochar- and gas-formation pathway at HTTs below 300 
o
C. The 
pathway is believed to be free-radical process initiated by homolitic cleavage of 
bonds. The free radicals that drive the process are initially formed by thermal action 
on structural O and inorganic impurities present in the feedstock. An additional 
source of free radicals may be from low levels of atmospheric O2 that may be present 
during the initial stages of pyrolysis. Carboxyl and carbonyl groups are formed and 
subsequently cleaved to yield CO2 and CO. Water is released as a result of 
dehydration reactions. Ultimately, free radical fragments recombine in various ways 
with eachother and with substrate to yield a biochar residue [43,44]. 
Between 300
o
C and about 600
o
C, different liquid-and tar- forming pathway becomes 
increasingly important. Biochar production decreases significantly over this 
temperature range. The tar which is produced from cellulose is chiefly composed of 
anhydrosugars such as levoglucosan that are less reactive than the free radicals 
generated by homolitic bond cleavage [45].  
Volatilization of anhydrosugars  is also possible because of increased heat and mass 
transfer rates at this temperature range. Thus, further decreasing the biochar 
formation. Instead of volatilization, anhydrosugars can be degraded by dehydration 
and fission reactions by acidic or basic catalyst. These are subsequent homolitic bond 
cleavage of the secondary products yields biochar. Feng et al. [46] noted that the 
proportion of free radicals trapped in the biochar as measured by electron 
paramagnetic resonance (EPR) spectroscopy also increases with heat treatment 
temperatures for a given residence time and reaches at maximum at 600
o
C. The 
amount of the biochar produced depends largely upon the relative rates of 
volatilization and degradation of the anhydrosugars present in the tar. As heat and 
mass transfer rates increase, the yields of biochar decrease. 
At heat treatment temperatures above 600
o
C, heat-and mass-transfer rates are 
sufficiently high that a gas-forming pathway dominates, and biochar tar and liquid 
formation are at minimum level. The biochar as a substrate is being carbonized, by 
which process more of the original oxygen (O), hydrogen (H), nitrogen (N), and 
sulphur (S) are removed and carbon (C) contents above 90 per cent by weight are 
readily obtained. 
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Pyrolysis, also depends upon heating rate (inversely proportion to residence time), 
gas purge rate, pressure and feedstock composition beside heat treatment 
temperature. In general, lower heat treatment temperatures , slower heating and 
purge rates, higher pressures, and greater concentrations of lignin in the substrate 
result in larger yields of biochar [44,45,47]. 
Paris et al. [48] described four regions of change (dehydration, pyrolysis, graphene 
nucleation, and carbonization) are observed under non-hydrothermal conditions. 
With very slow heating rates and ambient pressure , transitions between these regions 
occurs at 250
o
C, 350
o
C, and 600
o
C. In first region (temperatures below 250
o
C), the 
primary changes are in the feedstock dehydration and slight depolimerization of 
cellulose. Little mass loss observed in this region. Complete depolymerization 
(pyrolysis) of cellulose occurs between 250
o
C and 350
o
C with a significant mass loss 
by volatilization and creation amorphous-C matrix. At about 330
o
C, the first signs of 
aromatic C are seen, and above 350
o
C, polyaromatic graphene sheets begin to grow 
as the amorphous-C matrix releases. Above 600
o
C, carbonization begins, the non-C 
atoms are removed and graphene sheets continue to grow. 
3.3.2.1 Pyrolysis of  cellulose 
Thermal degradation of cellulose proceeds through two types of reaction: a gradual 
degradation, decomposition and charring on heating at lower temperatures, and a 
rapid volatilization accompanied by the formation of levoglucosan on pyrolysis at 
higher temperatures. 
Cellulose degradation occurs at 240-350°C to produce anhydrocellulose and 
levoglucosan. The degradation of cellulose to a more stable anhydrocellulose , which 
gives higher bio-char yield, is the dominant reaction at temperate < 300
o
C. At higher 
temperatures cellulose depolymerizes, producing volatiles [49,50].  
Figure 3.3 shows the cellulose thermo-chemical degradation reactions in solid phase: 
(1)low temperature dehydration and depolymerization reactions, which are relevant 
to slow pyrolysis process, (2) depolymerization reactions at high heating rates, which 
are relevant to fast pyrolysis process, (3) fragmentation or open ring reactions 
catalyzed by inorganic salts, (4) acid catalysed dehydration reactions, (5) 
polymerization of anhydrosugars, (6) crosslinking reactions of fragmentation 
products, and (7) evolution of polyaromatics from char. 
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Fragmentation reactions (3) form low molecular weight products from levoglucosan 
and cellobiosan by presence of inorganic salts in structure. Alternative 
decomposition pathway will be a ring scission yielding hydroxy-acetaldehyde as the 
principal product. By the presence of water and acids(4), levoglucosan forms 
levoglucosenone. Lignin inhibited the thermal polymerization of levoglucosan 
formed from cellulose. Polymerization of anhydrosugars (5) could result in 
polysaccharides (a reversible reaction), which can be precursors of char formation. 
When the chars are heated at temperatures over 400°C (6,7), it is possible to release 
some polyaromatics in the vapors phase [29]. 
 
Figure 3.3 : Thermo-chemical degradation reactions of cellulose[29]. 
3.3.2.2 Pyrolysis of hemicellulose 
The hemicelluloses undergo thermal decomposition very readily. The hemicelluloses 
reacted more readily than cellulose during heating. Hemicellulose decomposes at 
temperatures of 200-260°C, giving rise to more volatiles, less tars, and less chars 
than cellulose. Most hemicelluloses do not yield significant amounts of 
levoglucosan. Much of the acetic acid liberated from wood during pyrolysis is 
attributed to deacetylation of the hemicellulose [4,50]. 
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Hardwood hemicelluloses are rich in xylan and contain small amounts of 
glucomannan. The onset of hemicellulose thermal decomposition occurs at lower 
temperatures than crystalline cellulose. The loss of hemicellulose occurs in slow 
pyrolysis of wood in the temperature range of 130-194°C, with most of this loss 
occurring above 180°C [4]. 
3.3.2.3 Pyrolysis of lignin 
Lignin is mainly formed by the polymerization of three phenyl propane monomers, 
i.e. guaiacyl, syringyl, and p-hydroxylphenyl units. The specific structure of lignin 
varies with the biomass species and sometimes affected by the extraction method. 
The pyrolysis behaviour of lignin is scarce due to the complexity of structure and the 
difficulty in extraction. 
 The pyrolysis of lignin generally starts at a lower temperature than that of cellulose, 
while covers a wide range interval. When pyrolysis progresses into the primary 
stage, more gaseous products are released out. Phenol and its derivates, such as 
methoxyphenol, guaiacol and cresol, appeared to be the main products during lignin 
pyrolysis. Besides that, lignin pyrolysis also produced methanol, formaldehyde, 
acetaldehyde, acetic acid and light hydrocarbons, together with CO, CO2 and H2O. 
In the second major pyrolysis stage, the release of large molecular volatiles are less 
violent while the formation of CO and CO2 becomes stronger. 
In the higher temperature stage immediately after that, a small amount of phenols is 
generated. And with the increase of temperature, they will undergo further secondary 
reactions. However, the low molecular gases such as water, CO and CO2 are released 
out greatly, and CO is the dominant gaseous product in quite a wide temperature 
range. Generally, CO forms from two types of ether groups: the ether bridges joining 
the lignin sub units, which are the main source of CO at lower temperature; the 
dissociation of diaryl ether at higher temperature [51]. 
The breakdown products of the lignin biopolymers as phenols, aldehydes, ketones, 
acids, and alcohols, with rupture of original substituents (-OCH3, -OH) on the phenyl 
ring (see Figure 3.4) [52]. 
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Figure 3.4: Lignin pyrolysis products as tracers and source types [52]. 
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4. BIOCHAR 
4.1 Introduction to Biochar 
Biochar is the carbon-rich product obtained when biomass, such as wood, manure or 
leaves, is heated in a closed container with little or no available air. In more technical 
terms, biochar is produced by so-called thermal decomposition of organic material 
under limited supply of oxygen (O2), and at relatively low temperatures (<700°C) 
[51].  
The organic portion of biochar has a high C content, which mainly comprises so-
called aromatic compounds characterized by rings of six C atoms linked together 
without O or hydrogen (H), the otherwise more abundant atoms in living organic 
matter. If these aromatic rings were arranged in perfectly stacked and aligned sheets, 
this substance would be called graphite.(see Figure 4.1) In graphite much more 
irregular C can be formed containing O and H and, in some cases, minerals 
depending upon the feedstock [54]. 
 
Figure 4.1: Structure of graphite.  
First studies to characterize the crystal structure of graphite was undertaken by John 
D. Bernal in 1920. Then he demonstrated the hexagonal structure of graphite and 
layering of graphene sheets in a pure graphene crystal by using X-ray diffraction. 
Later on, in 1940’s Rosalin Franklin studied to characterize the chemistry of biochar 
[41]. 
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4.2 Biochar Applications for Environmental Management 
There are four complementary and often synergistic objectives may motivate biochar 
applications for environmental management. Soil improvement (improving soil 
productivity, carbon (C) storage, or filtration of percolating soil water), waste 
management, climate change mitigation and energy production [41]. 
4.2.1 Biochar as a soil amandment 
As a soil amendment, biochar helps to improve the Earth's soil resource by 
increasing productivity and crop yields, reducing soil acidity, reducing the need for 
some chemical and fertilizer inputs and potentially providing other soil benefits.  
Applied to the soil in a finely ground form, biochar’s vast surface area and complex 
pore structure is hospitable to the bacteria and fungi that plants need to absorb 
nutrients from the soil. So, biochar provides a secure habitat for beneficial microbial 
activity that is important for crop production to flourish. 
Soils in large parts of the world suffer from acidity (see Figure 4.2).  Biochar retains 
nutrients in soil directly through the negative charge that develops on its surfaces, 
and this negative charge can buffer acidity in the soil. Currently, soil acidity is 
corrected by applying large amount of lime [55].  
 
 
Figure 4.2 : Degraded soil parts of the world [56]. 
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4.2.2 Biochar to manage wastes 
Wastes and residues from animal, crop and forest production are valuable resources 
that can be used directly and indirectly for energy, including pyrolysis energy and 
biochar. The quantity of waste materials is significantly reduced in the charring 
process beside the energy is obtained [41]. 
The combination of biorefining and pyrolysis can provide profitable industries that 
will decrease waste disposal costs and provide cost effective energy services that 
profit agriculture and industry [57]. 
Biochar is a waste management strategy decreases GHG emissions. Landfilling of 
organic wastes e.g. garden waste, results in the release of significant quantities of 
methane. Waste management practices are aimed at preventing such contamination, 
but they can become costly. Biochar presents an attractive alternative if the economic 
costs can be kept below those of waste management [57,58]. 
4.2.3 Biochar to produce energy 
Capturing energy during biochar production and, using the biochar generated during 
pyrolysis bioenergy production as a soil amandement is mutually beneficial for 
securing the production base for generating biomass, as well as for reducing overall 
emissions [59]. Biochar products are often gasified to provide energy, or used in high 
value products, such as activated carbon [57]. This approach appears to be 
appropriate for bioenergy. Bioenergy, in general, and pyrolysis, in particular, may 
contribute a securing a future supply for green energy. However, it will not be able to 
solve the energy crises and satisfy rising global demand for energy on its own [41].  
4.2.4 Biochar to mitigate climate change 
Carbon activities can be divided into three types as; carbon positive, carbon neutral, 
carbon negative to understand carbon emissions and carbon sequestration. Carbon 
positive activities causes build up atmospheric carbon by carbon based resources 
such as coal, crude oil and natural gas emitting the carbon to the athmosphere. In 
carbon neutral activities, the level of athmospheric carbon does not change by 
sequestering fossil fuel based carbon back in to the ground. Carbon negative 
activities (see Figure 4.3)  causes a reduction in athmospheric carbon by sequestering 
carbon in the soil that originated from the atmosphere through photosynthesis. 
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Pyrolysis of waste biomass can generate fuels and biochar recalcitrant against 
decomposition. If biochar is returned to agricultural land it can increase the soil’s 
carbon content permanently and would establish a carbon sink for atmospheric CO2.  
In this case the use of crop residues as a potential energy source may improve soil 
quality and reduce greenhouse gas emissions in a complementary not competing way 
[60]. 
.  
Figure 4.3 : Carbon and biochar sequestration cycles. 
Biochar and bioenergy co-production from urban, agricultural and forestry biomass 
residues can help combat global climate change by a number of different pathways 
that include the following:  
 Direct sequestration of biochar in stable soil carbon pools. 
 Displacement of carbon-positive fossil fuel energy. 
 Increase in global Net Primary Production (NPP) from increased soil fertility. 
 Reduction of nitrous oxide emissions. 
There are additional pathways to reduced emissions that may result when biochar is 
added to soil. These include savings in energy and emissions from fertilizer 
production as the need for fertilizer is reduced and potential reductions in methane 
emissions when biomass is charred rather than allowed to decompose. 
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According the data obtained Sabine et al. [61] almost four times more organic C is 
stored in the Earth’s soils than in atmospheric CO2. And every 14 years, the entire 
atmospheric CO2 has cycled once through the biosphere.  
Furthermore, the annual uptake of CO2 by plants is eight times greater than today’s 
anthropogenic CO2 emissions. This means that large amounts of CO2 are cycling 
between atmosphere and plants on an annual basis and most of the world’s organic C 
is already stored in soil. Diverting only a small proportion of this large amount of 
cycling C into a biochar cycle would make a large difference to atmospheric CO2 
concentrations, but very little difference to the global soil C storage. Diverting 
merely 1 per cent of annual net plant uptake into biochar would mitigate almost 10 
per cent of current anthropogenic (sum of fossil fuel emissions and land-use change) 
C emissions.  IBI ( International Biochar Initiative) has developed a simple model to 
predict the carbon removing power of sustainable biochar systems (see Figure 4.4).  
 
Figure 4.4: Carbon offsets against the scenarios using carbon negative biochar                   
technology. 
The figure 4.4 shows several scenarios that assume biochar production from waste 
biomass only, which is a small fraction of Earth’s annual net primary production 
(NPP). Counting only the impacts of biochar burial in soil, and without considering 
the displacement of energy from fossil fuels, we can conservatively offset one 
quarter of a giga ton of carbon annually by 2030. And optimistically, we could 
achieve one giga ton of offsets annually before 2050 [62]. 
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4.3 Biochar Production Technology 
Charcoal is char produced from pyrolysis of animal or vegetable matter in kilns for 
use in heating and cooking. Biochar is carbonaceous material produced specifically 
for application to soil as part of agronomic or environmental management. Activated 
carbons are different from charcoals because they generally prapared at high 
temperatures in presence of activating agents such as steam. There is no standart  
currently prescribes the composition or preparation of biochar to distinguish it from 
charcoal produced as fuel and no comprehensive studies have been conducted on the 
properties of charcoals produced at low temperatures from biomass [41,63]. 
Charcoal contains 65 to 90 percent C with the balance with volatile and mineral 
matter. C is the major constituent of charcoal, its exact composition and physical 
properties depend upon the starting material and the conditions under which it is 
produced [44].  
Charcoal can be produced pyrolysis and gasification systems. Pyrolysis systems use 
kilns and retorts and other specialized equipment to contain the baking biomass 
while excluding oxygen. The reaction vessel is vented, to allow pyrolysis gases to 
escape. Pyrolysis gases are often called “syngas”. The process becomes self-
sustaining as the syngas produced is combusted, and heat is released. Gasification 
systems produce smaller quantities of biochar in a directly-heated reaction vessel 
with introduced air [64]. 
4.3.1 Heated kiln reactors 
 The earliest charcoal kilns consisted of temporary pits or mounds (see Figure 4.5), 
which have a low cost and virtue of simplicity. There are various kinds of brick, 
metal and concrete kilns have been introduced to improve the yield of charcoal 
making (see Table 4.1). 
Table 4.1: Charcoal yields (on dry basis) of different kinds of batch kilns[63]. 
Kiln type Charcoal yield (%) 
Pit 12.5-30 
Mound 2-42 
Brick 12.5-33 
Portable steel 18.9-31.4 
Concrete (Missouri) 33 
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Figure 4.5 : a) Large pit kiln, b) Mound kiln[65] 
All these kilns are operated in batch mode, requiring the periodic charging and 
discharging. A recent innovation in charcoal making is the multiple heart kiln (see 
Figure 4.7), which operates continuously, offering energy efficiency and 
environmental performance advantages compared to batch kilns. 
 Small pit kilns may be one cubic meter and large pit kilns can be 30 m
3
 or larger and 
produce 6t or more charcoal per load. Large pits do not have higher yields than small 
pits, but they are more efficient in the use of labour. The charcoal yields in pit kilns 
are generally very low and the charcoal is not uniform in quality. The venting of 
particulate matter and volatile organic compounds to the atmosphere are obvious 
disadvantages of pit kilns.  
The mound kiln is above ground type of the pit kiln, with earth mounded up over a 
stack of wood for the purpose of air controlling air filtration and heat loss during 
carbonization [65]. It is preffered to use when the soil is hard to work. A typical 
mound kiln is about 4m in diameter at the base and 1m to 1.5m high. Long pieces of 
fuelfood are stacked vertically against the central post. Gaps are filled with small 
woods to make a dense pile. It is covered with straw or dry leaves and then  a layer 
of loamy and sandy earth. There are six to ten vents of the mound allow for air 
filtration during carbonization. But similar pit kilns it has low charcoal yields and a 
source of significant atmospheric pollution [41]. 
The brick kiln (see Figure 4.6) is an important improvement over traditional pit and 
mound kilns that produce good-quality charcoal at relatively high yields (see Table 
4.1). The kiln is constructed completely out of bricks, which provide good heat 
insulation in ahemispherical shape of 5m to 7m diameter. Capital cost is relatively 
b) a) 
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low and labour costs are moderate. The kiln has two openings opposite one another 
that one is used for charge the kiln, while the other is used to discharge the charcoal. 
Air filtration is controlled by vents around base of the kiln, while smoke is exhausted 
from an eye hole at the to of the kiln. Carbonization last six to seven days and 
followed by the purging stage of one or two days. Finally the cooling stage of three 
days in which the eye hole is sealed [65]. 
 
 
 
 
 
 
 
 
 
Figure 4.6 : a) Brick kiln b) Transportable metal kiln [65,66]. 
Transportable metal kiln was  developed by the Tropical Products Institute (TPI) 
[75]. The kiln consist of two interlocking cylindrical sections and conical cover with 
four steam release ports. There are eight channels that support the kiln and serve air 
inlets. By the flow of air into and smoke out of , the kiln can be readily controlled. 
This is the advantage of metal kiln which improves the yield and quality of charcoal. 
Carbonization is complete in three days and all of the charcoal can be recovered from 
the kiln. This kiln can be operated in  areas of high rainfall [42]. 
The concrete kiln (see Figure 4.7), also known as the Missouri kiln has a rectangular 
structure constructed of concrete blocks and steel donors. A typical kiln is about 7 m 
wide and 11 m long with a vault height 4 m. This gives capacity of 180 m
3
, which is 
three times bigger than brick kilns. Concrete kilns produce 16t of charcoal during 
three week cycle. Yields are higher than metal kilns because of better thermal 
insulation and larger volume/surface area ratios. There are eight diameter pipes serve 
as chimney to mitigate atmospheric emissions of carbon monoxide (CO), volatile 
organic compounds (VOCs), and particulate matter (PM) [67]. 
 
b) a) 
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Figure 4.7 : a) The Missouri-type charcoal kiln, b) The continuous multiple heart      
kiln for charcoal production [68,69]. 
A multiple hearth kiln is refractory-lined vertical steel shell containing a series of 
shelves or hearths supported by the walls of the kiln [69]. As the shaft rotates, the 
rabble arms sweep slowly across the hearths, moving carbonizing woods, either 
radially inward or outward. Air flowing upward, gases and vapours are released from 
the carbonizing wood travel counter to the flow of biomass in the kiln. Continuous 
multiple hearth kilns produce an average of  2.5t hr
-1 
of charcoal. As a continious 
flow reactor, the multiple hearth kiln offres superior control of carbonization time 
and gas flow, which is expected to improve charcoal yields and quality. Continuous 
process are also more effective to polution control compared to batch processes. It is 
estimated to reduce the emissions of PM, CO and VOCs by at least 80 per cent [70]. 
4.3.2 Srew feeder/auger reactors 
Screw feeder reactors, also known as augers, consists of a rotating helical screw 
encased in tube, where biomass is mixed and transported by the rotational motion of 
the screw. The advantage of this process (see Figure 4.8),  is the effective mixing and 
the transfer of biomass through the reactor [35]. 
b) a) 
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Figure 4.8 : Screw pyrolyser with heat carrier [41]. 
Bridgewater et al. [71] reported that auger process products  liquid yields ranging 
from 18-25% and char yields 50-60%  depend on the process conditions.  Day et al. 
[72] suggested that the particle size should ideally  be less than 1 mm to ensure 
uniform feed rates through the reactor. 
4.3.3 Vacuum pyrolysis reactors 
Vacuum pyrolysis is considered to be a slow pyrolysis technique because of the low 
heating rates  and the approximately 40 s residence time. There is a low absolute 
pressure inside the reactor. The biomass is transported in to the reactor by a conveyor 
where it is mechanically stirred during the process. An advantage of this technique 
over fast pyrolysis process is that vacuum pyrolysis achieves typical liquid yields of 
%30-65 without the requirement for small particle size [35].  
4.3.4 Fluidized bed pyrolysis reactors 
Fluidized bed pyrolysis reactor have been designed for fast pyrolysis that, it is ideal 
for bio-oil production. Typical yields are 60-70% by weight bio-oil, 12-15% by 
weight biochar and 13-25% percent by weight non-condensable gases for reactors 
operated at around 450
o
C to 500
o
C [5]. Typical fluidized bed fast pyrolysis reactor 
was shown in Figure 4.9. 
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Figure 4.9: Fluidized bed fast pyrolysis reactor [41]. 
4.3.5 Gasifiers for co-production of biochar 
Gasifiers would seem to be a poor choice for biochar production. Since they are 
designed to produce gaseous products, biochar yields could exceed 30% in a gasifier 
operated under specific conditions. 
There are three kinds of gasifiers shown in Figure 4.10  to co-production gas and 
biochar. Updraft gasifiers similar to charcoal kilns except more air is needed to 
maximize gas production. Chipped fuel is admitted above and air for complete 
combustion enters from below. Downdraft gasifiers move fuel and gas in same 
direction. In  a fluidized bed gasifier the gas stream passes vertically upward through  
a bed of inert particulate material to form a turbulent mixture of gas and solid [41]. 
 
Figure 4.10: Gasifiers suitable for co-production of gas and biochar [41]. 
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4.4 Surface Chemistry of Biochar 
Biochar surface chemistry is quite rich and varied, as expected from its 
heterogeneous composition. Biochar surfaces show hydophilic, hydrophobic, acidic 
and basic properties whose relative contributions to biochar reactivity depend upon 
the feedstock and on the thermal degradation process used to create the biochar. 
At the surfaces of biochars, a range of functional groups exist that include pyranone, 
phenolic, carboxylic, lactone and amine groups (see Figure 4.11). H, O, N, S, and P 
are incorporated in the aromatic rings as heteroatoms. Presence of heteroatoms 
results in surface chemical heterogenity caused by the differences electronegativity 
of the heteroatoms relative to the C atoms. OH, NH2, OR, or O(C=O)R, are classified 
as electron donors  (due to the presence of α or π electrons) and (C=O)OH, (C=O)H 
or NO2 groups are classified as electron acceptors (due to the presence of empty 
orbitals) [41]. 
Brennan et al. [43] have noted that carboxylic groups are classified as electron 
donors and phenols are electron acceptors. Lopez- Ramon [73] has noted that basic 
functional groups , especially quinine and phenolic groups react with free radicals , 
and this reaction can be used for the grafting of functional molecules or polymers to 
the biochar surface. 
 
Figure 4.11: Heteroatoms and groups commonly found in carbon surface [43]. 
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4.5 Studies in Literature  
Hagedorn and Bochorn [74] investigated the thermal degradation  of agricultural 
products, maize plants and straws in low temperatures. Thermogravimetric analyses 
were performed at heating rates from 1 to 10
o
C/min and the purge gas helium flow 
rate was 100 ml/min. They compared thermal degradation of untreated biomass 
samples and the inorganic salts reduced samples by washing with distilled cold 
water. They found that the high amount of organic salts, especially potassium had a 
very strong effect on the pyrolysis. The differences between the pyrolytic behaviour 
of samples were  reduced by reducing the inorganics from samples. 
Haensel et al. [75] studied the pyrolysis of cellulose and lignin in conventional tube 
oven at temperature ranges 600
o
C to 1200
o
C. Samples were analysed with X-ray 
photoelectron spectroscopy. According to their study, pyrolysed lignin had a higher 
carbon content, indicating that lignin was a better basic raw material for generating 
graphitic structures. Pyrolysis process and composition need to be optimised to 
achieve more complete graphitisation. 
Lv et al. [76] used pine sawdust as a woody biomass, sugar cane baggase, rice straw,  
rice husk cotton stalk and corncob as agricultural biomass in their research of 
pyrolysis. Experiments were performed at a heating rate 20 K/min under nitrogen 
stream with a flow rate 100 ml/min. They studied  about  the stages of decomposition 
and structural content interacton. Their study pointed that in the first stage, rapid 
mass decreased due to the volatilization of cellulose, while the second stage became 
slow attributed to the lignin decomposition. The higher the cellulose content, the 
faster the pyrolysis rate. In contrast, the pyrolysis rate of biomass with higher lignin 
content became slower. 
Meszaros et al. [33] studied the thermal behaviour of extractive components of 
robinia pseudoacacia. Soxhlet apparatus was used with different organic solvents 
and extraction times. Pyrolysis experiments were performed under helium 
atmosphere with a flow rate 20 ml/min at 500
o
C for 20 sec. They observed that first 
decomposition peak of the extractable materials caused a shoulder on the DTG curve 
of the original wood sample. Phenol derivatives, which  were common compounds 
with the pyrolysis of lignin can released in significant amounts from the ethanol and 
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water extracts. Therefore, the pyrolysis of lignin effected by the presence of 
extractable compounds. 
Singh et al. [77] studied  the determination of composition of cellulose and lignin 
mixtures using thermogravimetric analysis. Experiments were performed on each 
component at a heating rate of 5 
o
C/min up to 600
o
C. They prepared PUT ( pyrolytic 
unit termograph) of each component and searched  about mathematical models to 
predict the cellulose-lignin mixture content. Their study demonstrated that pyrolytic 
unit thermographs could represent characteristic curves for a given component of 
biomass. 
Sung and Seo [78] investigated thermal behaviour of stem biomass, Nicotiana 
tabaccum. Two types of tobacco stems were applied in this study; bright stems and 
burley stems. The samples were pyrolysed at a heating rate 10
o
C/min under nitrogen 
stream from room temperature up to 900
o
C. Their study pointed that the samples 
which had higher volatile and non-polymeric constituents such as simple sugars, had 
a greater weight loss between 120
o
C and 250
o
C. They observed the diversity of the 
thermal decomposition temperature of two types of tobacco stems. Their comment 
about this situaution was the difference in fine structure of the polysaccharides such 
as hemicellulose and celllose of stem biomass. 
Haykırı - Acma et al. [79] investigated the thermal reactivities of isolated lignin and 
holocellulose during pyrolysis. Hazelnut shell was used as a biomass feedstock 
during pyrolysis experiments. Nitrogen gas flow rate was 100 ml/min, heating rate 
was 40
o
C/min, and no hold time was allowed. According to wet chemical analyses 
lignin is the most abundant ingredient in hazelnut shells. They observed that, 
removal of the extractives and further treatment to isolate holocellulose and lignin 
caused morphological changes. According to this study holocellulose decomposes 
relatively in a narrow temperature interval with high decomposition rates, while 
lignin decomposes steadily throughout the process. They measured the exothermicity 
of lignin higher than cellulose that they both produced heat during pyrolysis.  
Haykırı - Acma and Yaman [80] investigated thermal reactivity of biomasses during 
slow pyrolysis. Sunflower shell, colza seed, cotton refuse and olive refuse were used 
a biomass materials in pyrolysis experiments. The samples were heated at a constant 
rate of 20 K/min under dynamic nitrogen flow of 40 ml/min. Temperature raised 
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from ambient to 413 K and held for 10 min then raised up to 1273 K and held 30 min 
at this temperature. According to experiments, the highest decomposition rate was 
determined for the sunflower shell because of the highest carbon content. The lowest 
maximum decomposition temperature value was determined for the cotton refuse, 
because of  the rich holocelluse and poor lignin content. They found out that the 
lignin decomposed more slowly than holocellulosics. 
Tonbul [81] studied pyrolysis of pistachio shell from ambient to 800
o
C in nitrogen 
atmosphere  at different heating rates 5, 10, 15, and 20
o
C/min. The experiments 
conceived that holocellulose could be easily decomposed under miscellaneous 
pyrolysis conditions, since these oxygen rich constituents showed high thermal 
reactivity. Study claimed that lignin was not thermally reactive as holocellulose. It 
also began to decompose while holocellulose was decomposing, but  the peaks of 
lignin was masked by  holocellulose at lower temperatures. He reported that lignin 
peaks could be shown on DTG curves after completion of previous peaks of other 
components. 
Xiao et al. [82] studied about chemical, structural and thermal characterization of 
alkali soluble lignins, hemicelluloses, and celluloses were obtained from maize 
stems, rye straw, and rice straw. Straw and stem powder was first extracted with 
toluene-ethanol (2:1, v/v) in a Soxhlet apparatus for 6h. Then samples were dried in 
an oven at 60
o
C for 16h. Dewaxed samples were then soaked in 1 M NaOH solution. 
After alkali treatment process, the thermal analysis showed that hemicelluloses 
degraded in the first place, while lignin showed the less degradation, and therefore, 
its structure was more stable. On the other hand cellulose showed an important 
degradation process, its thermal stability lower than of lignin, but higher than 
hemicelluloses. 
Fu et al. [83] studied the mechanism of pyrolysis by Fourier Transform Infrared 
Technique (FTIR). Rice straw was used in pyrolysis experiments. The nitrogen flow 
was fixed at 100 ml/min. The experiments were carried out at a heating rate 5, 10, 
20, and 50
o
C/min from ambient to 900
o
C at a steady nitrogen flow of 100 ml/min. 
The results showed that the maximum pyrolysis rate increased with incresing heating 
rate. According to this study, when the temperature exceeds 200
o
C, hydroxyl and 
aliphatic C-H groups  decreases significantly, while C=O, olefinic C=C bonds and 
ether structure increase first in the chars and then the aromatic structure develops 
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with rising temperature. Above 500
o
C, the material becomes increasingly more 
aromatic and the ether groups decreases with an increase of temperature. They 
observed that the aromatization process started at 350
o
C and continued to higher 
temperatures. 
Naik et al. [84] studied Canadian biomass, which included wheat straw, barley straw, 
flax straw, timothy grass, and pinewood. The physical and chemical characteristics 
of biomass samples were examined by using static bomb calorimeter, XRD, TGA, 
ICP-MS, CHNSO, FT-IR, and FT-NIR. They were subjected to three step extraction 
processes, hexane,alcohol and water extraction seperately. Hexane extract, alcohol 
extract and lignin were characterized by FT-IR spectroscopy. The FT-IR studies 
revealed that the most prominent peaks in the spectrum originate from –OH streching 
vibration (3370-3420 cm
-1
) and CH2 and CH3   asymmetric and symmetric sterching 
vibrations (2935-2915 cm
-1
). These vibrations are expected from hemicellulose, 
cellulose and lignin. Very intense peaks in the region 1742-1620 cm
-1
 originate from 
the streching mode of carbonyls mainly ketons or esters. Mainly these bands are 
expected from waxes such as fatty acids, fatty esters, high molecular mass 
aldehydes/ketons. The FT-IR study of extractives the prominent peaks were at 1056, 
1248, 1265, 1506 and 1603 cm
-1 
represented C-H and O-H bending frequencies 
which were indicators of lignin. According to Moore and Owen, the most 
characteristics bands of lignin were at 870, 1263, 1506, and 1603 cm
-1
, the peak at 
800 and 1463 cm
-1
 represented C-H and CH3 asymmetric scissoring deformations. 
Bassilakis et al. [85] studied TG-FTIR analysis of biomass pyrolysis. Wheat straw, 
three types of tobacco (burley, oriental and bright) and three biomass compounds 
(xylan, chlorogenic acid, and D-glucose) were used as a biomass material in this 
study. Biomass samples were heated at 30
o
C/min in helium environment. Samples 
were first heated 150
o
C and kept at this temperature for 4 min and then heated up to 
900
o
C for pyrolysis. A small flow of oxygen was added to helium to combust the 
remaining char. Pyrolysis products were quantitatively  analyzed by gas-phase FTIR 
spectroscopy. It was observed that the majority of the species had multimodal 
evolution patterns, which indicates the presence of different precursors           
(functional groups) within the biomass samples.  It was concluded that TG-FTIR 
approach had good potential to provide valuable input for predictive modeling of 
biomass pyrolysis. 
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El Mansuri et al. [86] studied the analytical methods for determining functional 
groups in various technical lignins. Kraft, sulfite, soda/anthtraquinone, organosolv 
and ethanol process lignins were used for the structural characterization, focusing on 
different functional groups with different analytical methods. According to their 
study kraft lignin had the highest content of aliphatic hydroxyl. Lignosulfonate and 
ethanol process lignins had the highest contents of carbonyl groups. In conclusion 
technical lignins, which were analysed in this study had different functional group 
contents. FTIR spectroscopy showed that the lignins studied were clearly structurally 
different. 
Wang et al. [32] investigated the pyrolysis behaviour of lignin from different tree 
species. Sawdust from two different tree species were collected. The sample was 
heated from 30
o
C to 800
o
C at a rate of 60
o
C/min. Nitrogen flow rate was 60 ml/ min 
was applied to provide an inert athmosphere for pyrolysis. The study showed the 
differences in the inherent structures and chemical natures of lignin from different 
tree species could account diversities of thermal degradation behaviours. It was 
concluded that the FTIR profiles of the pyrolysis products were useful for improving 
our understanding of the mechanisms of lignin pyrolysis. Further analysis of the 
spectra showed the main products: the characteristic bands between 3500 and 4000 
cm
−1
 showed the existence of water; the absorption bands at 2800–3200 cm−1 showed 
the existence of hydrocarbons, of which methane is the most abundant, according to 
the absorbance peak at 3016 cm
−1
; the characteristic bands at 2230–2400 cm−1 
showed the existence of CO2; the existence of the unique double absorption peaks at 
2110 and 2170 cm
−1
 indicated the presence of CO; the bands between 900 and 1900 
cm
−1
 indicated the release of some organics, consisting of phenols, alcohols, 
aldehydes and acids. The methoxy phenols are the most characteristic products of 
lignin pyrolysis, of which guaiacol (phenol-2-methoxy), syringol (phenol-2,6-
dimethoxy) and their derivatives including alkyl guaiacol, eugenol, catechol-
methoxy, vinyl guaiacol, alkylsyringol, and vinylsyringol are the most important.  
Gonza´lez et al. [6] investigated the pyrolysis of Cuban natural fibres by TGA and 
GC/FTIR. Different Cuban biomass such as, sugar cane, bagasse, coffee, residue of 
tobacco and sawdust of pine were used in pyrolysis experiments. All the samples 
were analyzed using a thermobalance from ambient to 600
o
C under nitrogen.  The 
heating rate 40
o
C/ min and the flow rate of nitrogen 50 cm
3
/min were applied. Their 
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study pointed  that each biomass sample showed different devolatilization behaviour 
during the pyrolysis. Decrease of char residue as a function of pyrolysis temperature 
was consistent with the overall incerase of volatile matter. 
Christiernin, M. [87] researched about lignin composition in cambial tissues of 
poplar. Balsam poplar clone were studied during a growth season. In this 
investigation the aim was to study inhomogenities in the composition of lignin by 
GC/MS. It was observed that softwood lignin consisted mainly of syringyl units, 
derived from snopyl alcohol that had two methoxy-group, which resulted in lignin 
with a larger number of ether bonds. 
Demirbaş [50] investigated the slow pyrolysis of oak wood and agricultural residues 
such as hazelnut shells and wheat straw at high temperature (950-1250K) in a 
cylindrical reactor. He reported the effect of the treatment conditions such as, 
temperature, particle size, lignin and inorganic matter contents on biochar yield and 
reactivity. When the pyrolysis temperature increased, the bio-char yield decreased. 
The higher lignin content in hazelnut shell results in a higher bio-char yield in 
comparison with oak wood and wheat straw. 
Rutherford et al. [88] studied the charring process effects on changes in composition 
chars that produced from samples of pine and poplar wood, pine bark, purified 
cellulose and lignin. The samples were charred at the temperatures ranging from 
250
o
C to 500
o
C for times ranging from 1 hour to 168 hours. Changes in composition 
were examined by FTIR and
 13
C NMR spectroscopy, mass loss and elemental 
composition of the char. Mass loss and elemental composition were combined to 
estimate the chemical composition of the material. According to FTIR analyses , the 
most prominent carbohydrate bands in the unheated cellulose were between 1000 and 
1200 cm
-1
 and bands between 1700 and 1850 cm
-1
 in the IR spectra of the charred 
cellulose, lignin, wood, and bark probably represent different types of carbonyl 
carbons. The broad bands centered near 1600 cm
-1
, 1430 cm
-1
, and in the region 
between 1200 and 1260 cm
-1
, probably arise from different types of aromatic 
structures. The strong band at 1772 cm
-1
 and the weaker band at 1840 cm
-1
 in the 
cellulose spectrum fit the pattern observed in five-membered ring cyclic anhydrides. 
The band at 1750 cm
-1
 probably represents five- or six-membered ring lactones. The 
band at 1717 cm
-1
 in the charred  lignin spectrum probably represents carboxylic acid 
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groups. These analyses showed that aliphatic components in the test materials were 
either lost or converted to aromatic carbon early in the charring process. 
Yip et al. [89] studied the reactivity of biochar and biochar structural evolution 
during thermal annealing. Biochar prepared from the pyrolysis of mallee wood. The 
biochar oxidation reactivity was measured using a thermogravimetric analyzer 
(TGA) operating under isothermal conditions and the carbon structure of various 
biochars after thermal annealing was characterized using FT-Raman spectroscopy. 
According to this study the biochar carbon structure becomes increasingly ordered 
and condensed with the enrichment of larger aromatic ring systems, induced by 
thermal annealing. 
Jordan et al. [90] researched the thermal conversion of biomass, the influences of 
various slow pyrolysis procedures on the compositions and properties of biochars. 
The biochar was produced at temperatures 400, 450, 500, 550, and 600 
o
C. char 
samples and the functional groups in these were characterized by Fourier transform 
infrared (FTIR) and by solid-state 
13
C nuclear magnetic resonance (NMR) 
spectroscopy. The FTIR spectra of all samples showed an intense broad band around 
3450-3350 cm
-1
 attributed to O-H stretching of various functional groups, but most 
likely from water that sorbed on the char surface. The band at ~1538 cm
-1
 in 
association with that at ~1342 cm
-1
 indicates that nitration of the char structures. 
There is clear evidence for the formation of carboxyl groups, based on the carbonyl 
band at 1717 cm
-1
. 
Shen et al. [91] investigated the changes in the main structure of sulfonated lignin by 
FTIR spectra. They reported that the most charasteristic infrared bands of lignin were 
found at about 1500 and 1600 cm
-1
 representing the C=C aromatic skeletal 
vibrations. 
Lui et al. [51] investigated the structure of fir and birch lignin by FTIR analysis and 
pyrolysis kinetis. Van Soest’s method was performed to extract lignin from different 
species of biomass. According to their study, the characteristic bands locating in 
1429, 1464, 1509 and 1601 cm
-1 
indicate the existence of aromatic rings and C–H 
bonds in the samples. The appearance of the bands in the range of 1260–1270 and 
1330–1375 cm-1 shows the existence of guaiacyl and syringyl groups in the lignin 
from birch, while the single appearance of band in 1260–1270 cm-1 means that lignin 
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from ﬁr only has the guaiacyl group. This obvious difference might be used for 
discrimination of the lignin from softwood and hardwood. The appearance of 
carbonyl group in the range between 1700 and 1715 cm
-1
 not in 1660–1675 cm-1 
indicates that C=O bond is not  in conjugation with the aromatic rings. The weight 
loss in the initial stage is mainly caused by the evaporation of water. In the first 
major pyrolysis stage a large amount of volatiles, especially phenols are released out. 
H2O, CO and CO2 are generated by the break of lateral chains in lignin polymer. In 
the second major pyrolysis stage the release of large molecular volatiles except 
methanol is less violent, and CO, CO2, CH4 appear to be the main gaseous products. 
Bonini, C. and D’Auria, M. [92] studied on characterization of lignin. They reported 
that, the infrared spectrum showed absorbtions at 1702 ( carbonyl streching), 1655 
(C=O stretching in aryl ketones, 1605 and 1513 (aromatic stretching), 1459 (C-H 
bending in methly and methylenic groups), 1424 (aromatic vibration coupled with C-
H bending in plane), 1330 (C-H bending in stringyl  and guiacyl rings substituted on 
C-5), 1220 (C-C, C-O, and C=O streching), 1123 (C-H bending in stringyl units and 
C-O streching in secondary alcohols) , 1030 (C-H bending in planein guacyl units 
and C-O stretching in primary alcohols, and 840 cm
-1
 (aromatic C-H bending out of 
plane). 
Shen et al. [93] inverstigated the structure of kraft lignin from the wood pulping 
process by TG-FTIR and Py-GC-MS. The samples were pyrolysed in TGA coupled 
with FTIR from 30 to 900
o
C at the heating rate of 20 and 40 K/min. The evolution of 
phenolic compounds in the initial pyrolysis stage of lignin is determined by FTIR. It 
is found that the guaiacol-type and syringol-type compounds as the primary products 
of lignin pyrolysis. The methoxy group (–OCH3) is suggested to work as an 
important source for the formation of the small volatile species (CO, CO2 and CH4) 
through the relevant free radical coupling reactions. First pyrolysis stage of kraft 
lignin , is 1300–1400 cm-1, ascribed to the bending vibration of the alcoholic and 
phenolic hydroxyl (–OH) groups. Other characteristic bands 1613, 1513 and 1300–
1000 cm
-1
, corresponding to the relevant bonds on the aromatic ring. The alkyl 
groups characterized by the bands at 1310–1365, 1093–1088 and 2750–2990 cm-1 
are released during the first pyrolysis stage of kraft lignin. This indicates that the 
phenolic compounds containing the aromatic ring, hydroxyl group and alkyl groups 
(such as guaiacol, syringol and (2methoxy)-4-alkyl substituted phenol) are 
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dominantly released in the first pyrolysis stage, reflecting the characteristics of the 
lignin structure. 
Oliviera et al. [94] inverstigated dioxane lignins from two fractions of banana plant 
by (Ultraviolet (UV), FTIR, solid- and liquid-state NMR) and chemical degradation 
(permanganate (PO) and nitrobenzene oxidation (NO)) techniques. It was found that 
most of H units in both lignins are terminal phenolic coumarates linked to lignin 
substructures by ester bonds.  The bands observed at 2918 and 2850 cm
-1
, assigned to 
C-H stretching in aliphatic moieties, and 1700–1710 cm−1corresponding to C=O 
stretching of carboxylic acids. The characteristic bands at 1708 and 1630cm
−1
, 
assigned to C=O stretching of carboxylic acids and to stretching of C=C moieties 
conjugated with aromatic rings. 
Gonzales et al. [95] investigated the effect of mineral matter reduction on kinetics 
and charcoal pore structure in sawdust from untreated poplar wood and giant reed 
canes. Pyrolysis kinetics was examined from comparative non-isothermal 
thermogravimetric measurements in the range 20–900oC, using raw and previously 
demineralized samples. Estimated kinetic parameters reflected changes caused by 
demineralization, especially in the low temperature range (up to 450
o
C), likely due to 
catalytic effects of the minerals. Higher values of the maximum rates ((-dW/dt) peak, 
Tonset, Tpeak) were attained for the demineralized samples. N2 volumes adsorbed on 
the charcoal from the acid treated biomasses were noticeably higher than on that 
produced from the raw samples. 
 
 
48 
 
 
 
 
49 
 
5. EXPERIMENTAL STUDIES 
Experimental studies were summarized in flowchart, shown in Figure 5.1. 
 
Figure 5.1 : Flowchart of experimental studies. 
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 5.1 Materials 
Sunflower stalk  and stover (SS) , apricot stone (AS) and hybrid poplar (HP) were 
used  as a biomass material  in this study.  
5.1.1 Hybrid poplar 
HP (populus spp.) is fast growing biomass that produce high yields of biomass 
annually and can be harvested year round [96]. Turkey has approximately 130.000 ha 
of poplar plantations, of which 70000 ha are hybrid poplars and 60.000 ha consist of 
various clones of black poplar. Poplar wood industries particularly furniture, 
packaging, particleboard, plywood and matches  have developed very quickly in 
recent years and mainly use the wood of hybrid poplars [97]. There are some studies 
on new technologies  poplar plantation [98], conserving country’s poplar genetic 
resources [97], and soil properties on the growth of hybrid poplar [99].  
5.1.2  Sunflower stalk  and stover 
Sunflower ( Helianthus annuus L.) is growing mainly for oil production and for food 
industry in Turkey. Sunflower production is 800000 – 850000 M Ton and planted 
areas are 450000-500000 ha depending on climatic conditions and sunflower price in 
recent years. The major production of sunflower (75%) occurs in Trakya region, 
where is the European part of Turkey. Sunflower also exists in South Marmara 
(10%) and Black Sea Regions (10%) in the rotation systems in Turkey [100]. The 
sunflower crops materials came from Trakya Region, which was used in this study. 
5.1.3 Apricot stone 
Apricot ( Prumus armeniaca L.) has an important place in human nutrition and can 
be used as fresh, dried or processed fruit. Turkey is the one of the major apricot 
producers in the world with the approximate annual yield of 538000 tonns fresh fruit, 
35000 tonns seed and 7000 tonns kernel. Half of this amount comes from Malatya 
region located in Eastern part of the country. Apricot fruit is not consumed only 
fresh. It can be used as dried fruit, jam, marmalade, pulp, juice, etc. Apricot kernel, 
an important source of dieatary protein as well as oil and fibre [101]. In this study, 
apricot stone was used as a byproduct of juice industry. 
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5.2 Sample Preparation 
The biomass samples used in this study are sunflower stalk and stover, apricot stone, 
and hybrid poplar. Apricot stone, sunflower stalk and stover samples were first dried 
in laboratory medium for one week and then in oven at 105
o
C. Then samples were 
milled and sieved in to a powder with a particle size of 0.250 mm. Hybrid poplar 
samples were milled and sieved with a particle size of 0.250 mm. 
5.3 Structural Analyses  
Extractives-free samples were produced according to ASTM D1105 [102] standarts 
to determine the macromolecular composition of the three different biomass 
materials. Holocellulose content was  isolated according to reference [103]. Lignin 
content of the biomass samples was determined by using van Soest Method [104]. 
This method is used according to its accuracy in quantification and high purity of 
fractions. This lignin known as ‘Klason Lignin’ which is insoluble in acids. 
5.4 The Thermal Analyses (TG, DTG, DTA, DSC) 
Thermal analyses were performed for the determination of the character and extent 
of the decomposition. From TG curves, the stoichiometry of decomposition, the 
temperature at the beginning and completion of reaction can be obtained. DTG 
curves are the evoluation of TG curves. From the DTG curve, the onset of 
decomposition can be determined more sensitively than from the TG curve, and  the 
maximum rate of decomposition can be obtained. From DTA curve, the signs of the 
enthalpy change, the methods of the transformations, and their characteristic 
temperatures can be obtained. DTA and DSC curves much share in common and 
provide similar information. From DSC curves the entalphies of transitions can be 
obtained. 
Weight of sample, rate of heating, grinding of sample, atmosphere in the furnace and 
the shape of sample holder have influence on thermal investigations. 
In this study, the thermal analyses were performed by a TGA standart equipment (see 
Figure 5.3). The biomass samples weighing approximately 10 mg heated up to 700
o
C 
with a heating rate 10
o
C/min under a nitrogen flow of 100 ml/min. The samples were 
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kept at this temperature for 10 min. The thermal data of samples as TG, DTG, DTA, 
DSC measurements were obtained from these experiments. 
5.4.1 Determination of pyrolysis conditions  
Pyrolysis conditions were determined from DTG curves of each samples and their 
structural components. The initial mass loss temperature, the maximum mass loss 
rate temperature, the final mass loss temperature and no observable mass losses 
temperature (600 
o
C) were chosen to produce biochars (see Figure 5.2). 
 
Figure 5.2 : Determination of pyrolysis temperatures of main samples and structural 
components. 
5.5 The Pyrolysis Experiments In a Horizontal Tube Furnace 
All biomass samples and structural components pyrolysis experiments were carried 
out using a horizontal tube furnace, equipped with an electronic temperature 
controller (see Figure 5.3). Heating rate was 10
o
C/min with a changing final 
temperature ranges between 120
o
C and 600
o
C. All experiments were conducted 
under a nitrogen atmosphere with a flow rate 100 ml/min.  
53 
 
Biochars were produced at different temperatures according to determined pyrolysis 
temperatures of main samples and their structural components in order  to investigate 
the pyrolysis process effects on biomass functional group distributions. 
 
Figure 5.3 : Horizontal tube furnace 
5.6 Characterization of Samples 
5.6.1 The proximate analyses 
The proximate analyses were used to determine the volatile matter, the fixed carbon 
content and the amount of ash. The proximate analyses were performed by a TGA 
standart equipment (see Figure 5.4).  
All biomass samples and produced chars at the end of the weight loss temperature 
600
o
C, weighing approximately 10 mg were first  heated to 105
o
C with a heating rate 
10
o
C/min under a nitrogen flow of 100 ml/min. Samples kept at this temperature for 
10 min to remove the moisture content. Then samples heated up to 900
o
C with a 
heating rate 40
o
C/min, under nitrogen flow of 100 ml/min. Samples kept at this 
temperature for 7 min in order to reduce the volatile matter content. Finally, 
temperatures of samples were decreased to 600
o
C with a cooling rate of 20 
o
C/min 
under nitrogen flow of 100 ml/min. Samples were kept at this temperature about 60 
min, in the presence of dry air with a flow rate 100 ml/min until the weight of the 
samples became constant.  
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Figure 5.4 : TA instruments, model SDT Q600 
5.6.2 Calorific value analyses 
Calorific value represents the net enthalpy released upon reacting a particular fuel 
with oxygen under isothermal conditions and is expressed as megajoules per 
kilograms (MJ/kg). All biomass samples and produced biochars calorific value 
analyses were carried out by using a IKA C2000 Basic Calorimeter with a stainless 
steel calorimeter bomb (see Figure 5.5). 
 
Figure 5.5 : IKA  C2000 Basic Calorimeter  
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5.6.3 X-ray diffraction (XRD) analyses  
X-Ray Diffraction (XRD) analysis investigates crystalline material structure, 
including atomic arrangement, crystallite size, and imperfections.  
All biomass samples and their structural components were characterized by using a 
Panalytical  X’Pert Pro PW 3040/60 model X-Ray diffractometer with a Cu X-ray 
(1,54060 A° wavelength)  target under the condition of 40 kV and 40 mA.  
5.6.4 X-ray flourecence (XRF)analyses  
The X-Ray Flourecence analysis was performed to measure the elemental 
composition of materials. All biomass samples and their structural components were 
characterized by using a Thermo Scientific NITON XL3t model  XRF analysis 
instrument. 
5.6.5 Fourier transform infrared (FTIR) spectroscopy analyses 
Fourier Transform-Infrared Spectroscopy (FTIR) is an analytical technique used to 
identify organic (and in some cases inorganic) materials. This technique measures 
the absorption of infrared radiation by the sample material versus wavelength.  
The introduction of group frequencies allows the identifications of structural 
elements of a molecule and makes infrared spectroscopy an important tool for the 
identification of molecular structure and for quantitative analysis. 
All biomass samples and their structural components, all biochar samples that 
produced at different temperatures were ground with a proportion of (1:100 m/m) 
with potassium bromide in a dry agate mortar. A spectrum of KBr in the 
compartment was used for background correction to remove interfering peaks due to 
atmospheric water and carbon dioxide. 
 The samples were pressed between two 13 mm disks under 10 MPa pressure. FTIR 
analyses of samples were performed by Perkin Elmer Spectrum One instrument. 
Frequency interval measured between 650 and 4000 cm
-1 
. 
5.6.6 BET analyses 
The creation of high surface area, as measured by the nitrogen-sorption BET method. 
This method is based on adsorbtion of gas on a surface. The amount of gas adsorbed 
at a given pressure allows to determine the surface area.   
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All biomass samples and produced biochars surface area were determined by 
adsorption of nitrogen (N2) at liquid nitrogen temperature by using an automated 
surface area analyzer, Quantachrome NOVA1200 instrument (see Figure 5.6). 
 
Figure 5.6 : Quantachrome NOVA1200 BET analysis instrument. 
5.6.7 Scanning electron microscopy (SEM) analyses 
The scanning electron microscope (SEM) is a microscope that uses electrons rather 
than light to form an image with high resolution. In this study, the differences in 
structures of biochars were investigated, which were produced at maximu m 
pyrolysis rate temperatures. SEM analyses of samples were performed by Jeol, JSM-
5410 instrument. 
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6. RESULTS AND DISCUSSION 
6.1 Proximate, Calorific Value and Structural Analyses Results 
Proximate analysis of unpyrolysed biomass main samples and their structural 
components and pyrolysed samples at 600
o
C were shown in Table 6.1 and Table 6.2 
respectively. 
Proximate analyses of main samples were examined and it was observed that, apricot 
stone main (ASM) sample had the highest and hybrid poplar main (HPM) sample 
had the lowest moisture content. ASM sample had the highest and sunflower stalk 
and stover main (SSM) sample had the lowest volatile matter and fixed carbon 
content. SSM sample had the highest and ASM sample had the lowest ash content. 
Proximate analyses of structural components were examined and it was observed 
that, hybrid poplar and apricot stone extracted (HPE, ASE) samples had similar and 
sunflower stalk and stover extracted (SSE) sample had highest moisture content. 
HPE sample had the highest volatile matter content. ASE sample had the highest 
fixed carbon and the lowest ash content. Apricot stone holocellulose (ASH) sample 
had the lowest ash and moisture content. Sunflower stalk and stover holocellulose 
(SSH) sample had the lowest fixed carbon and volatile matter content. Hybrid poplar 
lignin (HPL) sample moisture content was much higher than the other two lignin 
samples. Sunflower stalk and stover lignin (SFL) sample had the lowest volatile 
matter and fixed carbon content, but had 10 times higher ash content than the other 
two lignin samples. 
The calorific values of samples were examined and it was observed that, AS sample 
and its structural components had much higher calorific values than the other two 
samples and their structural components. This situation was due to high fixed carbon 
content of AS sample. Fixed carbon contents of structural components were 
examined and it was observed that, fixed carbon content of holocellulose and lignin  
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Table 6.1 :  Proximate analysis results of unpyrolysed samples  (%). 
 
 Table 6.2 : Proximate analyses results of pyrolysed samples at 600
o
C (%). 
 Hybrid Poplar  Sunflower Stalk and Stover  Apricot Stone 
Samples 
Main 
Sample 
Extracted Holocellulose Lignin  
Main 
Sample 
Extracted Holocellulose Lignin  
Main 
Sample 
Extracted Holocellulose Lignin 
PROXIMATE 
ANALYSES   
              
Moisture 8.90 5.61 7.70 18.50  8.06 10.76 9.67 12.53  3.70 5.91 5.58 12.70 
Volatile Matter 76.13 83.04 75.21 49.68  73.67 72.20 71.07 42.09  82.55 75.38 74.99 58.49 
Fixed Carbon 11.72 9.65 14.89 27.87  9.00 11.58 12.45 14.14  12.36 17.96 17.81 26.13 
Ash 3.25 1.70 2.20 3.95  9.27 5.46 6.81 31.24  1.39 0.75 1.62 2.68 
 Hybrid Poplar  Sunflower Stalk and Stover  Apricot Stone 
Samples 
Main 
Sample 
Extracted Holocellulose Lignin  
Main 
Sample 
Extracted Holocellulose Lignin  
Main 
Sample 
Extracted Holocellulose Lignin 
PROXIMATE 
ANALYSES   
              
Moisture 4.52 4.49 7.35 5.05  7.32 4.20 6.01 3.16  5.76 6.29 6.23 2.65 
Volatile Matter 13.57 16.63 15.57 10.04  28.58 26.36 25.03 12.88  12.89 11.87 13.50 9.39 
Fixed Carbon 76.64 69.13 68.50 71.42  39.36 59.69 40.79 71.08  75.89 78.14 77.93 80.45 
Ash 9.27 9.75 8.58 13.49  24.74 9.73 28.17 13.49  5.46 3.70 2.34 7.51 
Fixed Carbon Increases 
(%) 
553.92 616.37 360.04 156.26  337.33 415.45 227.63 402.68  513.99 335.08 337.56 207.88 
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structural components had effects on calorific values of main samples. Fixed carbon 
content of extracted samples had no effects on calorific values of main samples. 
According to biochars proximate analyses, that were produced at 600
o
C, the ash and 
fixed carbon contents of samples were increased, in contrast, VM  content of  
samples were decreased. 
Organic composition of the raw materials were shown in Table 6.3. Structural 
analyses results showed that HP sample had the highest holocellulose, and the lowest 
extractive matter content. SS sample had the highest extractive matter, and the lowest 
lignin content. AS sample had the highest lignin, and the lowest holocellulose 
content. It was observed that, the biomass samples that were used in this study, in 
different ratios and different species. 
Table 6.3 : Organic composition of the raw material (%). 
 The proximate analyses and structural analyses results were compared. Calorific 
value analyses verified the fixed carbon content of samples. AS sample and its 
structural components had the highest fixed carbon contents and calorific values, in 
contrast, SS sample had the lowest fixed carbon contents and calorific values. It was 
observed that, lignin contents of three different biomass samples and calorific values 
had interaction between them. AS sample, had the highest lignin content and 
calorific value, in contrast, SS sample had the lowest lignin content and calorific 
value. 
Haensel et al. [75] revealed that lignin had the highest fixed carbon content. Our 
study claimed that, lignin had the highest  fixed carbon content when compared to 
the other structural components of all three biomass samples. 
The gross calorific values results of each biomass sample and their structural 
components that pyrolysed at different temperatures were shown in Table 6.4. 
The temperatures at the beginning of the volatile matter release, the maximum 
degradation rate or the maximum VM release, the end of the volatile matter release  
Samples Extractives Lignin Holocellulose 
Hybrid Poplar 5.36 20.39 74.25 
Sunflower Stalk and Stover 34.68 7.83 57.48 
Apricot Stone 25.10 27.85 47.05 
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Table 6.4 :  Gross calorific values of  pyrolysed biomass samples and structural components at different temperatures. 
 
 Hybrid Poplar 
 Main Sample  Extracted   Holocellulose   Lignin  
Temperature (oC) 210 354 400 600  225 370 405 600  190 328 370 600  120 175 310 600 
Gross Calorific Value 
(MJ/kg) 
18.90 27.81 28.10 31.56  19.23 27.65 28.27 30.25  17.92 21.19 28.47 28.80  15.08 20.03 22.70 29.28 
 Sunflower Stalk and Stover 
 Main Sample  Extracted   Holocellulose  Lignin  
Temperature (oC) 150 318 370 600  200 340 385 600  190 250 300 350 600  120 185 300 600 
Gross Calorific Value 
(MJ/kg) 
17.00 24.28 24.36 24.55  17.00 25.27 25.37 27.77  15.00 19.11 20.33 20.67 21.67  16.95 17.16 18.44 20.85 
 Apricot Stone 
 Main Sample  Extracted   Holocellulose   Lignin  
Temperature (oC) 195 354 420 600  200 356 390 600  175 332 375 600  120 190 305 600 
Gross Calorific Value 
(MJ/kg) 
23.93 29.73 31.14 32.08  20.24 28.49 28.85 31.15  19.04 26.41 28.34 31.58  20.12 21.46 25.75 30.57 
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and the end of the weight loss were determined according to DTG curve of each 
sample and their structural components. 
All these samples were pyrolysed at these temperatures under nitrogen atmosphere 
and characteristic properties of produced biochars were investigated.  
The temperatures 210, 354, 400, 600
o
C for HPM sample, 225, 370, 405, 600
o
C for 
HPE sample, 190, 328, 370, 600
o
C for HPH sample, 120, 175, 310, 600
o
C for HPL 
sample were determined for biochar production. 
The temperatures 150, 318, 370, 600
o
C for SFM sample, 200, 340, 385, 600
o
C for 
SFE sample, 190, 250, 300, 350, 600
o
C for SFH sample, 120, 185, 300, 600
o
C for 
SFL sample were determined for biochar production. 
The temperatures 195, 354, 420, 600
o
C for ASM sample, 200, 356, 390, 600
o
C, for 
ASE sample, 175, 332, 375, 600
o
C for ASH sample, 120, 190, 305, 600
o
C for ASL 
sample were determined for biochar production. 
The gross calorific value of each sample and their structural components were 
examined (see Table 6.5). The gross calorific vale increases for each biomass 
samples structurals were given at Table 6.6.  
When HPM sample was compared with the biochar that was produced at 600
o
C, 
89.43% increase at gross calorific value was determined. This situation showed that 
the char produced from hybrid poplar at 600
o
C, had capability to increase the gross 
calorific value of low quality coals, when they were mixed together.  
If the gross calorific value of other structurals of HP biochars that were produced at 
600
o
C compared with their unheated samples, the increases at gross calorific values 
as 70.90% for HPE sample, % 74.54 for HPH sample, %106.20 for HPL sample 
were determined. 
The gross calorific value of SS biochars that were produced at 600
o
C compared with 
their unheated samples, the increases at gross calorific values as 64.32% for SSM 
sample, 98.07% for SSE sample, 109.98% for SSH sample, 80.36% for SSL sample 
were determined. 
The gross calorific value of AS biochars that were produced at 600
o
C compared with 
their unheated samples, the increases at gross calorific values as 41.82% for ASM  
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Table 6.5 : Gross calorific value of biomass samples and their structural components (MJ/kg). 
 
 
Table 6.6: Gross calorific value increases between main samples and pyrolysed biomass at different temperatures (%). 
  Hybrid Poplar  Sunflower Stalk and Stover  Apricot Stone 
  
Main 
Sample 
Extracted Holocellulose Lignin  
Main 
Sample 
Extracted Holocellulose Lignin  
Main 
Sample 
Extracted Holocellulose Lignin 
Gross Calorific 
Value  
 17.12 17.70 16.50 14.20  14.94 14.02 10.32 11.56  22.62 19.03 18.06 19.00 
 Hybrid Poplar 
 Main Sample  Extracted   Holocellulose   Lignin  
Temperature (oC) 210 354 400 600  225 370 405 600  190 328 370 600  120 175 310 600 
Gross Calorific Value  
Increases  
10.40 62.44 63.37 83.49  8.64 51.13 59.71 70.9  7.92 28.42 72.54 74.54  6.19 41.05 59.86 106.20 
 Sunflower Stalk and Stover 
 Main Sample  Extracted   Holocellulose  Lignin  
Temperature (oC) 150 318 370 600  200 340 385 600  190 250 300 350 600  120 185 300 600 
Gross Calorific Value  
Increases  
13.78 62.52 63.05 64.32  21.25 51.56 80.95 98.07  45.00 85.17 97.00 100.30 109.98  46.62 48.44 59.51 80.36 
 Apricot Stone 
 Main Sample  Extracted   Holocellulose   Lignin  
Temperature (oC) 195 354 420 600  200 356 390 600  175 332 375 600  120 190 305 600 
Gross Calorific Value  
Increases  
5.79 23.47 37.66 41.82  6.35 49.71 51.6 63.68  5.42 46.23 56.92 74.86  5.89 12.94 35.52 60.89 
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sample, 63.68% for ASE sample, 74.86% for ASH sample, 60.89% for ASL sample 
were determined. 
The increases for HP structurals varies in range 10.40-83.49% for  HPM sample, 
8,64-70,9% for HPE sample, 7.92-74.54% for HPH sample, 6.19-106.20% for HPL 
sample were determined. 
The gross calorific value increases for SS structurals varies in range 13,78-64,32% 
for SSM sample, 21.25-98.07% for SSE sample, 45-109.98% for SSH sample, 46.62-
80.36% for SSL sample were determined. 
 The gross calorific value increases for AS structurals varies in range 5.79-41.82% 
for ASM sample, 6.35-63.68% for ASE sample, 5.42-74.86% for ASH sample, 5.89-
60.89% for ASL sample were determined.  
The most gross calorific value increases were determined at biochars that were 
produced at 600
o
C for each biomass samples and their structural components. When 
they were evaluated among themselves, the greatest increment of gross calorific 
values were observed at HPL sample with 106.20%, SSH sample with 109.98%,  
ASH sample with 74.86%. 
It was observed that, the gross calorific value of produced biochars tend to increase 
with increasing biochar producing temperature. The greatest increment of gross 
calorific values were observed at chars that were produced at 600
o
C. 
6.2 Thermal Analyses Results 
Thermal analyses were performed to investigate the pyrolysis characteristics of three 
different biomass samples. Thermal analyses of structural components of each 
sample were performed to find out the effects of the structural components on the 
pyrolysis process. TG, DTG, DTA, and DSC curves were determined to investigate 
the pyrolysis process. 
6.2.1 TG analyses results  
TG curves of each biomass sample and their structural components were shown in 
A.1, A.2, A.3, Appendix A,  and comparative TG curves of main samples was shown 
in A.4, Appendix A. 
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6.2.2 DTG analyses results 
6.2.2.1 DTG analysis of hybrid poplar results 
DTG curves for hybrid poplar structural components were derived from TG curves 
of samples, shown in Figure 6.1. 
 
Figure 6.1 : DTG curves for the hybrid poplar structural components obtained in 
nitrogen gas flow of 100 ml/min and at heating rate of 10
o
C/min. 
HPM sample was pyrolysed with  RMax 0.84 mg/min, at 354
o
C, after 35 minutes the 
reaction was started. The volatile matter release started at 210
o
C, reached maximum 
value at 354
o
C and ended at 400
o
C.  
HPE sample was pyrolysed with  RMax 1.13 mg/min, at 370
o
C, after 36 minutes the 
reaction was started. The volatile matter release started at 225
o
C, reached maximum 
value at 370
o
C and ended at 405
o
C. 
HPH sample sample was pyrolysed with  RMax 0.99 mg/min, at 328
o
C, after 32 
minutes the reaction was started. The volatile matter release started at 190
o
C, reached 
maximum value at 328
o
C and ended at 370
o
C. 
The lignin is more thermally stable than cellulose during pyrolysis [83]. HPL sample 
was pyrolysed with RMax 0.28 mg/min, at175
o
C, after 16 minutes the reaction was 
started. The volatile matter release started at 120
o
C, reached maximum value at 
175
o
C and ended at 310
o
C. 
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When structural components were evaluated among themselves, it was observed that 
HPE sample had the highest RMax. HPH sample had enhancing effects on 
decomposition rates while extractives had reducing effects on RMax. Also, HPL 
sample was degraded with two maximum peaks at 75
o
C and 175
o
C, and the process 
was continued at 300
o
C to 600
o
C with low decomposition rates. It can be seen from 
Figure 6.1 that, HPL sample had effects on pyrolysis process at low temperatures. 
HPE sample had the highest impact on pyrolysis process, HPH sample and HPL 
sample later on.  
A wide shoulder was observed at HPM sample due to a shoulder of HPE sample at 
about 280-300
o
C temperature range. Meszaros et al. [33] revealed that extractable 
materials caused a shoulder on the DTG curve of the original wood sample. In our 
study wide shoulders were seen in both samples. 
The TR-Max was evaluated. It was observed that, HPH sample was decomposed at 
lowest temperature at 328
o
C. HPE sample was decomposed at higher temperature at 
370
o
C, than HPM sample was decomposed at 354
o
C. 
Lv et al. [76] revealed that, the first stage of pyrolysis, rapid mass decreased due to 
the volatilization of cellulose, while the second stage became slow attributed to the 
lignin decomposition. The higher the cellulose content, the faster the pyrolysis rate. 
Our study claimed that, HP had the highest pyrolysis rate with higher holocellulose 
content.  
6.2.2.2 DTG analysis of sunflower stalk and stover results 
DTG curves for sunflower stalk and stover structural components were derived  from 
TG curves of samples, shown in Figure 6.2. 
SSM sample was pyrolysed with  RMax 0.57 mg/min, at 318
o
C, after 31 minutes the 
reaction was started. The volatile matter release started at 150
o
C, reached maximum 
value at 318
o
C and ended at 370
o
C.  
SSE sample was pyrolysed with  RMax 0.66 mg/min, at 340
o
C, after 33 minutes the 
reaction was started. The volatile matter release started at 200
o
C, reached maximum 
value at 340
o
C and ended at 385
o
C.  
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Figure 6.2 : DTG curves for the sunflower stalk and stover structural components 
obtained in nitrogen gas flow of 100 ml/min and at heating rate of 
10
o
C/min. 
SSH sample was pyrolysed with  RMax 0.58 mg/min, at 250
o
C, after 24 minutes the 
reaction was started. The volatile matter release started at 190
o
C, reached maximum 
value at 250
o
C, and ended at 350
o
C.  
Cellulose shows an important degradation process, its thermal stability lower than of 
lignin, but higher than hemicelluloses [82]. Since the cellulosic compounds have the 
structure of branching a chain of polysaccharides and no aromatic compounds, they 
are easily volatilized [79]. First peak of holocellulose sample can be attributed to the 
hemicellulose degradation because of its higher thermal reactivity than cellulose. 
Yang et al. also [105] reported that the pyrolytic decomposition of hemicellulosics 
mainly happens at 220–315 °C, and the main decomposition of celluloses occurs at 
315–400 °C. 
Tonbul [91] revealed that, lignin peaks were masked by the hemicellulose and 
cellulose peaks at lower temperatures and can be shown on DTG curves as a tailing 
section, especially at higher temperatures, after completion of the previous peaks of 
two components. Yang et al. [105] pointed out that lignin is full of aromatic rings 
with various branches, the activity of the chemical bonds in lignin covered an 
extremely wide range, which led to the degradation of lignin occurring in a wide 
temperature range. 
 
67 
 Lignin components of biomass samples were used in this study investigated and 
deduced same results (see Figures 6.1- 6.3).  
SSL sample was pyrolysed with  RMax 0.14 mg/min, at 185
o
C, after 17 minutes the 
reaction was started. The volatile matter release was started at 120
o
C, reached 
maximum value at 185
o
C, ended at 300
o
C. 
When structural components were evaluated among themselves, it was observed that 
SSE sample had the highest RMax at 340
o
C, SSH sample had two peaks at 250 and 
300
o
C with higher and lower RMax than SSM. It can be deduced that, SSH sample has 
enhancing effects on RMax while extractives had reducing effects on RMax. SSL 
sample had two peaks at 185
o
C and 400
o
C with lower RMax and the pyrolysis process 
was continued until 600
o
C with no mass loss was observed. SSE sample had the 
highest impact on pyrolysis process, SSH sample and SSL sample later on.  
The TR-Max were evaluated at it was observed that, SSH sample had the lowest TR-Max 
at 250
o
C and 300
o
C. SSE sample had higher TR-Max at 340
o
C, than SSM sample had 
TR-Max at 318
o
C.  
SSH sample had two decomposition peaks different from the other holocellulose 
samples. This situation can be attributed to the difference of their chemical 
structures. 
6.2.2.3 DTG analysis of apricot stone results 
DTG curves for SS structural components were derived  from TG curves of samples, 
shown in Figure 6.3. 
ASM sample was pyrolysed with  RMax 0.73 mg/min, at 354
o
C, after 35 minutes the 
reaction was started. The volatile matter release started at 195
o
C, reached maximum 
value at 354
o
C, and ended at 420
o
C.  
ASE sample was pyrolysed with  RMax 0.77 mg/min, at 356
o
C, after 34 minutes the 
reaction was started. The volatile matter release started at 200
o
C, reached maximum 
value at 356
o
C and ended at 390
o
C.  
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Figure 6.3 : TG curves for the apricot stone structural components obtained in 
nitrogen gas flow of 100 ml/min and at heating rate of 10
o
C/min. 
ASH sample was pyrolysed with  RMax 0.82 mg/min, at 332
o
C, after 32 minutes the 
reaction was started. The volatile matter release started at 175
o
C, reached maximum 
value at 332
o
C, and ended at 375
o
C.  
ASL sample was pyrolysed with  RMax 0.24 mg/min, at 190
o
C, after 18 minutes the 
reaction was started. The volatile matter release started at 120
o
C, reached maximum 
value at 190
o
C and ended at 305
o
C.  
When structural components were evaluated among themselves, it was observed that 
ASH sample had the highest RMax at 332
o
C. ASE sample had higher RMax at 356
o
C 
than ASM sample at 345
o
C. It was concluded that ASH sample had enhancing and 
extractives had reducing effects on RMax. A wide shoulder that was seen in main 
sample at 260-300
o
C temperature range due to the the wide shoulders that was seen 
in ASH sample and ASE sample. A shoulder that was seen at this  temperature range 
was the confirmation of the co-existence of hemicellulosics and celluloses which had 
a different thermal reactivity [79]. 
The TR-Max were evaluated at it was observed that, ASH sample had the lowest TR-Max 
at 332
o
C. ASE sample had higher TR-Max at 356
o
C than ASM sample had TR-Max at 
354
o
C. 
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The pyrolysis characteristics of each sample and their structural components that was 
implication of the pyrolysis process was shown at Table 6.7. Pyrolysis process was 
performed under nitrogen atmosphere with a heating rate 10
o
C/min from ambient up 
to 700
o
C. In addition, DTG curves of three biomass main samples and structural 
components were compared ( see Figure A.5- A.8, Appendix A). 
The structural components of each biomass samples were evaluated among 
themselves from the table and for HP, it was concluded that, HPE sample had the 
highest RMax. HPH sample had higher RMax than HPM sample. This situation showed 
that HPH sample had enhancing effects on RMax. Also after the extractives were 
released from the HPM sample, the increase was observed at TR-Max . In HPH sample 
the decrease was observed at TR-Max. In HPL sample, approximately the half of the 
TR-Max of main sample was observed. 
The char yields of HP structurals were examined. The decrease was observed at HPE 
sample in contrast increases were observed at HPL sample and HPH sample. HPL 
sample had more enhancing effects on char yields than HPH sample. 
Extractives were due to the decreases at the RMax, time and TR-Max, in contrast the 
increases at char yields. HPH sample was due to the increases of pyrolysis rate and 
char yield, in contrast the decreases of RMax, time and TR-Max. HPL sample was due to 
the decreases 1/3 times RMax and TR-Max, and 1/2 times tR-max, in contrast the increases 
2 times at char yields.  
For SS, it was concluded that, extracted sample had the highest RMax. SSH sample 
had higher RMax than SSM sample. This situation showed that SSH sample had 
enhancing effects on RMax as the HP. Also after the extractives were released from 
the SSM, the increase was observed at TR-Max. In SSH sample the decrease was 
observed at TR-Max. In SSL sample, approximately the half of the TR-Max of SSM 
sample was observed. 
The char yields of SS structurals were examined. The decrease was observed at SSE 
in contrast increases were observed at SSL sample and SSH sample. SSL sample had 
more enhancing effects on char yields than SSH sample.  
Extractives were due to the decreases at the pyrolysis rate, tR-max and TR-Max, in 
contrast the increases at char yields. SSH sample was due to the increases of 
pyrolysis rate and char yield in contrast, the decreases of tR-max and TR-Max. SSL  
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Table 6.7: Pyrolysis characteristics of biomass samples. 
sample was due to the decreases approximately 1/3 times RMax and 1/2 times tR-max, in 
contrast the increases 2 times at char yields as HP. 
For AS, it was concluded that, ASH sample had the highest RMax . ASE sample had 
higher RMax than ASM sample. ASH sample had enhancing effects on RMax as the 
other two samples. Also after the extractives were released from the main sample, the 
increase was observed at TR-Max. In ASH sample the decrease was observed at TR-Max. 
In ASL sample, approximately the half of the TR-Max of ASM sample was observed. 
The char yields of AS structurals were examined. The decrease was observed at 
ASE, ASL and ASH samples. ASL sample had more enhancing effects on char 
yields than ASH sample. 
Extractives were due to the decreases at the RMax, tR-max, TR-Max, and char yields. ASH 
sample was due to the increases of pyrolysis rate and char yield in contrast, the 
decreases of tR-max, and TR-Max. ASL sample was due to the decreases approximately 
1/3 times RMax and 1/2 times tR-max, in contrast the increases 2 times at char yields as 
HP. 
It was observed that all three biomass samples had the similar pyrolysis 
characteristics except ASE sample. As to the yields of the pyrolytic char which is 
comprised of charring lignin and the transformed inorganic phases, lignin gave a 
Samples 
R MAX 
(mg/min) 
T R-MAX (
o
C) Char (wt%) tR-MAX(min) 
H
y
b
ri
d
 
P
o
p
la
r 
 Main Sample 0.84 354 18.62 35 
Extracted 1.13 370 17.02 36 
Holocellulose 0.99 328 23.04 32 
Lignin 0.28 175 37.16 17 
S
u
n
fl
o
w
er
 
S
ta
lk
 a
n
d
 
S
to
v
er
 
Main Sample 0.57 318 25.90 31 
Extracted 0.66 340 23.14 33 
Holocellulose 0.58 250 33.92 24 
Lignin 0.14 185 50.24 17 
A
p
ri
co
t 
 
S
to
n
e 
Main Sample 0.73 354 20.02 34 
Extracted 0.77 356 21.64 35 
Holocellulose 0.82 332 25.67 32 
Lignin 0.24 190 35.96 18 
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relatively higher yield of char [79]. SSL sample had the highest char yield in all 
structural components, although it had the lowest lignin content of the samples. This 
high char yield can be attributed to the highest ash content of sample. 
Demirbaş [50] revealed that the biochar yield decreased, when pyrolysis temperature 
increased. In our study the decreased char yields were observed with increased 
temperatures (see Figure A.17, Appendix A). 
6.2.3 DTA analyses results 
DTA curves of each biomass sample and their structural components were shown in 
Figure A.9 -A.11, Appendix A. 
6.2.3.1 Hybrid poplar results 
DTA curves of HP and structural components were investigated. Decomposition of 
HPL sample was observed with two endothermic peaks at 80
o
C and 150
o
C, and last 
one exothermic peak at 400
o
C. HPH sample as HPM sample had endothermic peak 
at 50
o
C, and as HPL sample at approximately 350
o
C, had low intensity exothermic 
peak. Unlike the other structurals, HPE sample had two endothermic low intensity 
peaks at low temperatures (50 and 75
o
C) and one endothermic peak at 400
o
C. DTA 
curves of HPM sample and structurals were compared. It was observed that, the 
endothermic peak at 50
o
C, was due to HPH sample and HPE sample. The peak at 
75
o
C was due to the HPL sample. The endothermic peak at 300
o
C, was seen as at 
380
o
C HPE sample. This peak was due to HPE sample. No prominent peaks were 
observed after 500
o
C for each structural components of HPM sample. 
6.2.3.2 Sunflower stalk and stover results 
DTA curves of SS and their structural components were investigated. Two 
endothermic peaks were observed at 50
o
C and 75
o
C. The endothermic peak of SSM 
sample was observed at higher intensity than the endothermic peak of structurals, 
SSH, SSE and SSL sample, respectively. The exothermic peaks were observed at 
200-300
o
C, of SSH and approximately at 350
o
C of main sample. One low intensity 
endothermic peak was observed at 350
o
C of SSE sample. It was observed that 
pyrolysis process was completed after 600
o
C. The exothermic peak that was 
observed at  280
o
C of SSM sample was due to exothermic peaks at 250 and 300
o
C of  
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SSH sample and at 400
o
C of SSL sample. The endothermic peak was observed of 
SSE sample at this temperature.  
6.2.3.3 Apricot stone results 
DTA curves of AS and their structural components were investigated. Varied 
intensity endothermic peaks were observed at ASM sample, ASE sample and ASH 
sample at 50 and 75
o
C. The broad exothermic peaks were observed at 350
o
C of main 
sample due to the exothermic peaks of ASH sample. The low intensity peaks of ASM 
sample at low temperatures due to the high intensity endothermic peaks of ASL 
sample. It was observed that pyrolysis process was completed after 600
o
C as the 
other samples. The exothermic peaks were observed at approximately 400
o
C of main 
sample due to the exothermic peaks of ASE sample and ASL sample at these 
temperatures. 
 It was considered that, releasing water on surface of samples due to endothermic 
reactions at low temperatures. Oxygen content of biomass samples were due to the 
exothermic reactions determined from DTA curves. All samples were decomposed at 
400
o
C and due to exothermic reactions were observed from DTA curves of each 
sample. It was obviously seen from DTA curves that, structural components were 
due to the endothermic and exothermic peaks of ASM sample. 
Ball et al. [106] pointed out that the charring process was highly exothermal where as 
volatilization was endothermal. 
 The pyrolysis of cellulose is endothermic because of the depolymerisation reactions 
and the volatilization of the products. The hemicellulosics display exothermic 
characteristics during pyrolysis which may be attributed to the charring phenomenon, 
the co-existence of these ingredients in holocellulose may be masked the 
endothermic heat flow resulting from cellulose [105].  
DTA curves of main samples were compared (see Figure A.12, Appendix A). There 
was a broad endothermic peak observed at around 300
o
C of HP unlike the other 
samples. This can be attributed the greatest cellulose content of HP. It was observed 
that  both lignin and holocelluloses produce heat during pyrolysis. 
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6.2.4. DSC analyses results 
DSC curves of each biomass sample and their structural components were shown in 
Figure A.7- A.9, Appendix A. 
DSC curves of all biomass samples and their structural components were 
investigated. It was observed that, the results that obtained from DSC curves were 
compatible with DTA curves results. 
The endothermic peak of HP at around 300
o
C was observed in DSC curves, unlike 
the other main samples (see Figure A.16, Appendix A).  
6.3 XRD and XRF Analyses Results 
In this study, XRD and XRF analyses of three biomass samples and their structural 
components were performed. XRD peak lists of main samples and their structural 
components were shown at Table B.1, Appendix B. XRF results of main sample and 
their structural components were shown at Table B.2, Appendix B. 
6.3.1 Hybrid poplar results 
6.3.1.1 Hybrid poplar main sample  
XRD analysis results of HPM sample were shown in Figure B.1, Appendix B. The 
detected compounds were listed at peak list below the figures.  
Cellulose was the major compound detected by XRD analysis in HPM sample. 
Calcium palmitate (C32H62CaO4), Magnesium Sulfide (MgS), Tridymite (SiO2) 
compounds that were detected beside cellulose. 
The presence of these compounds were confirmed by XRF results. Trace amount of 
inorganics that were below 1%, could not obtained from XRD analyses as a 
detectable peaks.  
Calcium palmitate was confirmed by 7.919% Ca, Magnesium Sulfide was confirmed 
by 3.923% Mg, and Tridymite was confirmed by 1.218% Si presence. Ca was the 
highest inorganic matter content of sample. 
HPM sample had the highest S content (0.626%) compared to the other main 
samples. 
 
 
74 
6.3.1.2 Hybrid poplar extracted sample 
XRD analysis results of HPE sample were shown in Figure B.2, Appendix B. The 
detected compounds were listed at peak list below the figures.  
Silicon Oxide (SiO2), Calcium 1-phenol-4-sulfonate (C12H10CaO8H2O), Cellulose 
(C6H10O5)n, 4,4-Dimethoxystilbene (C16H16O2) and Potassium Sulfide (K2S) 
compounds that were detected from XRD analysis of HPE sample. 
These compounds presence were confirmed by 1.218% Si and 10.130% Ca. K and S 
were in a trace amount of sample. Ca was the highest inorganic matter of the sample.  
This value was higher than main sample. It was considered that Ca could not be 
removed by extraction process. 
6.3.1.3 Hybrid poplar holocellulose sample 
XRD analysis results of HPH were shown in Figure B.3, Appendix B. The detected 
compounds were listed at peak list below the figures.  
Aqua Magnesium Chlorate (Mg(H2O)6(ClO2)2), Dichlorobiphenyl (C12H8Cl2),  
Calcium palmitate (C32H62CaO4) compounds that were detected from XRD analyses 
of HPH sample. 
The presence of these compounds were confirmed by XRF results. Calcium 
palmitate was confirmed by 7.925% Ca, Dichlorobiphenyl was confirmed by 
12.081% Cl presence. The trace amount Mg was generated Aqua Magnesium 
Chlorate.  
Cl was the highest inorganic matter content in sample and higher than the other 
structural components. This situation can be attributed to the reactants (NaCl2), that 
were used to isolate holocellulose component from main sample. 
Ca content of HPH sample was higher than HPL (see Table B.2, Appendix B). 
6.3.1.4 Hybrid poplar lignin sample 
XRD analysis results of HPL sample were shown in Figure B.4, Appendix B. The 
detected compounds were listed at peak list below the figures.  
Potassium Sulfate (K2S2O7) and Magnesium Sulfate Hydroxide (Mg3S2O8(OH)2) 
compounds were detected from HPL sample. The presence of these compounds were 
confirmed by 30.765% S , and a trace amounts of K and Mg. 
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HPL sample had the highest S inorganic matter content. This situation can be 
attributed to the H2SO4, that was used as a reactant for isolate lignin component from 
main sample. 
According to XRF analyses, lignin had the highest Fe and S content and the lowest 
Ca content compared to other structural components of HP. The highest Fe content 
of lignin sample was considered to have been in lignin structures. 
6.3.2 Sunflower stalk and stover results 
6.3.2.1 Sunflower stalk and stover main sample 
XRD analysis results of SSM sample were shown in Figure B.5, Appendix B. The 
detected compounds were listed at peak list below the figures.  
Strong cellulose peak was observed at main sample from XRD analysis. 
According to XRF results, SSM sample, the only sample that had 22.404% K unlike 
the other main samples and their structurals. The most abundant inorganic matters 
were Ca (11.522%) and Cl (3.581%) after K. Ca and Cl weren’t detected as an 
observable peaks from XRD analysis. It was considered that, other compounds peaks 
were covered by cellulose peak that they weren’t determined by XRD analyses. 
6.3.2.2 Sunflower stalk and stover extracted sample 
XRD analysis results of SSE sample were shown in Figure B.6, Appendix B. The 
detected compounds were listed at peak list below the figures.  
Cellulose (C6H10O5)n and Calcium palmitate (C32H64O4) compounds were detected 
from SSE. 
The presence of Calcium palmitate was confirmed by 17.927% Ca of extracted 
sample. This value was higher than SSM sample (11.522%). It was considered that, 
Ca could not be removed by the extraction process.  
According to XRF analyses, Mg (2.954%), Cl (1.051%) and Si (1.363%) were 
determined but could not detected as compounds from XRD peaks.  
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6.3.2.3 Sunflower stalk and stover holocellulose  
XRD analysis results of SSH sample were shown in Figure B.7, Appendix B. The 
detected compounds were listed at peak list below the figures. 
Sodium Chloride (NaCl), Calcium Oxalate Hydrate (C2H4.5CaO6.25), and Calcium 
palmitate  (C32H62CaO4) compounds were detected from sunflower stalk and stover 
holocellulose sample.  
The presence of Sodium Chloride was confirmed by 6.115% Cl, Calcium Oxalate 
Hydrate and Calcium palmitate were confirmed by 7.177% Ca. 
6.3.2.4 Sunflower stalk and stover lignin  
XRD analysis results of SSL sample were shown in Figure B.8, Appendix B. The 
detected compounds were listed at peak list below the figures.  
Calcium Sulfate (CaSO4), Potassium Calcium Silicate (K4CaSi3O9), and W\P Istite 
(Fe.95O) compounds were detected from SSL sample. 
The presence of these compounds were confirmed by 27.284% S, 10.803% Ca, 
12.650% Si, 0.954% Fe. It was observed that, the percentage of Fe in lignin sample 
was the highest compared to the other structural components. It was considered that, 
Fe could not removed by extraction process or been in lignin structure. Si had the 
highest percent (12.650%) in this sample compared to other lignin samples were too 
low (see Table B.2, Appendix B).  
SFL sample had the highest ash and char yield of the lignin samples. This maybe 
attributed to the amounts of  Calcium Sulfate and Calcium Silicate inorganic matter 
contents of the sample. 
6.3.3 Apricot stone results 
6.3.3.1 Apricot stone main sample 
XRD analysis results of ASM sample were shown in Figure B.9, Appendix B. The 
detected compounds were listed at peak list below the figures. 
Wheat starch (C6H10O5)n was detected from apricot stone main sample with a strong 
peak and also Sodium Calcium Amide (NaCa(NH2)3) detected from the sample by 
XRD analyses. Ca was the highest inorganic matter in main sample. The presence of 
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Sodium Calcium Amide was confirmed by 2.052% Ca by XRF analyses (see Table 
B.2, Appendix B). 
Ca was the highest inorganic matter of the sample. P (0.287%) was determined only 
ASM sample when it was compared the other two main samples. 
6.3.3.2 Apricot stone extracted sample 
XRD analysis results of ASE sample were shown in Figure B.10, Appendix B. The 
detected compounds were listed at peak list below the figures. 
Wheat starch (C6H10O5)n and Sodium Calcium Amide (Na Ca(NH2)3) were detected 
from the sample by XRD analyses as ASM sample. The presence of Sodium Calcium 
Amide was confirmed by 3.570% Ca by XRF analyses (see Table B.2, Appendix B). 
Ca content of ASE sample was higher than ASM sample. It was considered that, Ca 
could not be removed by the extraction process.  
P (0.168%) was determined as ASM sample, but lower value. It was considered that, 
P could be removed by extraction process. 
6.3.3.3 Apricot stone holocellulose  
XRD analysis results of ASH sample were shown in Figure B.11, Appendix B. The 
detected compounds were listed at peak list below the figures. 
Potassium Chloride (KCl) and triheptadecanoin  (C54H104O6) were detected in sample 
by XRD analysis. The presence of KCl was confirmed by 5.008% Cl. The highest 
inorganic matter content of ASH sample was Cl after Ca (1.742%). The decrease was 
observed at Ca content of this sample. Unlike main and extracted samples, high Cl 
content of ASH sample can be attributed the NaCl2, that was used for isolate ASH 
sample content from ASM sample. 
6.3.3.4 Apricot stone lignin  
XRD analysis results of ASL sample were shown in Figure B.12, Appendix B. The 
detected compounds were listed at peak list below the figures. 
21.478% S, 1.312% Ca were determined from XRF analyses. But there were no 
detectable peaks were obtained from XRD analyses. 
When all biomass samples and their structural components were evaluated among 
themselves, it was observed that, they all had trace amount of inorganic matters. 
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Naik et.al [84] revealed that overall cristallinity of biomass depend on wax, cellulose, 
hemicellulose and lignin content. It was observed that the cristallinity of samples 
were different depend on structurals  different ratios and species. 
HPM sample had the highest Fe, S, Si and Mg content compared the other two main 
samples. 
SSM sample had the highest Cl (3.581%) when it was compared to HPM (0.363%), 
and ASM sample (0.211%). It also had the highest Ca (11.522%), when it was 
compared to HPM sample (7.919%), and ASM sample (2.052%). 
Fe was rich in lignin samples and Ca was rich in extracted samples. It was 
considered that, Fe and Ca could not be removed from main sample by extraction 
process. 
Cl, F, S, and N and other elements which may result in the generation of toxic or 
corrosive gases, such as hydrogen chloride, hydrogen floride, sulfur oxides and 
nitrogen oxides. Other emissions that requires to contol as total particulate or dust, 
heavy metals, such as mercury cadmium and lead, and dioxin and furans. 
The particulate is largely composed of ash. They may also contain adsorbed C and 
acidic gases such as hydrochloric and sulfuric acid to produce corrosive acids 
‘smuts’. 
Chlorine also influences the volatility of heavy metals via the formation of chlorides. 
For example, Ni or Cd, because of their low vapour pressure and high boiling point 
will not vaporize, but they will also do under conditions of chlorine presence [107]. 
The information that we got about emissions showed that, the presence of chlorine 
and high ash content cause the high emissions and corrosive effects for pyrolysis and 
solid waste incineration systems. 
In this context,  the highest chlorine content of sunflower stalk and stover and the 
highest sulphur content of hybrid poplar may cause the corrosive effects and the 
formation of dioxin and furans. 
It was observed that, chlorine content of sunflower stalk and stover decreased after 
extraction process, but it was still too high when it was compared the other two main 
samples. They all had similar trace amounts of heavy metals. It was  considered  that 
heavy metals had no significant effects on emissions.  
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It was observed that three different biomass samples and their structural components 
had different inorganic matter content. Hagedorn and Bochorn [74] revealed that the 
differences in inorganic matter content of biomass samples were due to the 
differences in pyrolytic properties. Our study claimed that, the different inorganic 
matter content were due to different pyrolytic properties of samples. 
6.4 FTIR Spectroscopy Analyses Results 
The FTIR spectra of unheated biomass samples consist mainly of bands that may be 
attributed to carbohydrates (cellulose and hemicellulose) and lignin. The changes that 
occur when the pure holocellulose and lignin were examined first to investigate the 
chemical changes that take place during the pyrolysis.  
In this context, the functional groups of obtained structural components from main 
samples were investigated to understand the pyrolysis characteristics of biomass 
samples. 
6.4.1 FTIR spectra of structural components results 
6.4.1.1 Hybrid poplar results 
FTIR analyses of unpyrolysed HP structural components were shown in Figure 6.4. 
The bands were identified according to Table 6.8 and the literature studies about 
functional group determination. 
Hybrid poplar main sample 
There were one broad band at 3335 cm
-1
, strong bands at 1736, 1652, 1594, 1507, 
1455, 1423, 1373, 1240, 1158, 1123, 1109, 1031, 698 cm
-1
, and medium bands at 
2919, 2849, 897 cm
-1
. 
The broad band originate from –OH stretching and the strong bands at 1742-1620 
cm
-1
 is assigned to C=O vibrations in carbonyl groups, mainly ketones and esters 
[84]. 1594, 1507, 1455 cm
-1
 are assigned to aromatic C=C streching vibration, 1423 
and 1373
 
cm
-1
 are assigned to –CH2 and –CH3 bending of aldehydes and ketones, 
1240 cm
-1 
is assigned to C-O vibrations in carboxylic acids and derivatives [108], 
1158, 1123, 1109, 1031 cm
-1
 are assigned to C-O-C stretching vibrations of ether 
type structures [109], 698 cm
-1
 ascribed to C-H bending or deformation vibrations in 
olefinic or aromatic structures [108]. The medium bands at  
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Table 6.8: Typical infrared absorption frequencies [108]. 
 Stretching Vibrations Bending Vibrations 
Functional Class Range (cm-1) Intensity Assignment Range (cm-1) Intensity Assignment 
Alkanes 2850-3000 Str CH3, CH2& CH  2 or 3 bands 1350-1470 
1370-1390 
720-725 
Med 
Med 
Wk 
CH2& CH3 deformation 
CH3 deformation 
CH2 rocking 
Alkenes 3020-3100 
1630-1680 
1900-2000 
Med 
Var 
Str 
=C-H&=CH2 (usually sharp) 
C=C (Symmetry reduces intensity) 
C=C asymmetric stretch 
880-995 
780-850 
675-730 
Str 
Med 
Med 
=C-H&=CH2 
(Out of plane bending) 
cis-RCH=CHR 
Alkynes 3300 
2100-2250 
St 
Var 
C-H (usually sharp) 
C≡C (symmetry reduces intensity) 
600-700 Str C-H deformation 
Arenes 3030 
1600 & 1500 
Var 
Med-wk 
C-H (maybe several bands) 
C=C (in ring) (2 bands) 
(3 if conjugated) 
690-900  str-med C-H bending&ring puckering 
Alcohols& Phenols 3580-3650 
3200-3550 
970-1250 
Var 
Str 
Str 
O-H (free), usually sharp 
O-H (H-bonded, usually broad 
C-O 
1330-1430 
650-770 
Med 
Var-wk 
O-H bending (in plane) 
O-H bend (out-of-plane) 
Amines 3400-3500 
3300-3400 
1000-1250 
Wk 
Wk 
Med 
N-H ( 1o-amines), 2 bands 
N-H (2o- amines) 
C-N 
1550-1650 
660-900 
Med-str 
Var 
 
NH2 scissoring(1
oamines) 
NH2&N-H wagging 
(shifts on H-bonding) 
Aldehydes&Ketones 2690-2840 (2bands) 
1720-1740 
1710-1720 
1690 
1675 
1745 
1780 
Med 
Str 
Str 
Str 
Str 
Str 
Str 
C-H (aldehyde C-H) 
C=O (saturated aldehyde) 
C=O (saturated ketone) 
Aryl ketone 
α, β- unsaturation 
cyclopentanone 
cyclobutanone 
1350-1360 
1400-1450 
1100 
Str 
Str 
Med 
α-CH3 bending 
α-CH2 bending 
C-C-C bending 
Carboxylic Acids&Derivatives 2500-3300(acids) 
1705-1720 (acids) 
1210-1320 (acids) 
1785-1815 (acyl halides) 
1750 & 1820 (anhydrides) 
1040-1100 
1735-1750 (esters) 
1000-1300 
1630- 1695 (amides) 
Str 
Str 
Med-str 
Str 
Str 
Str 
Str 
Str 
Str 
O-H very broad 
C=O (H-bonded) 
O-C (sometimes 2 peaks) 
C=O 
C=O (2 bands) 
O-C 
C=O 
O-C (2 bands) 
C=O (amide I band) 
1395-1440  
 
 
 
 
 
 
1590-1650 
1500-1560 
Med 
 
 
 
 
 
 
Med 
Med 
C-O-H bending 
 
 
 
 
 
 
N-H( 1o-amides),2 band 
N-H( 2o-amides),2 band 
Nitriles 
Isocynates, Isothiocynates,Diimides, 
Azides&Ketens 
2240-2260 
2100-2270 
Med 
Med 
C≡N (sharp) 
-N=C=O, -N=C=S 
-N=C=N-, -N3 C=C=O 
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2919 and 2849 cm
-1
 are assigned to C-H stretching of methyl and methylene groups, 
which are expected from hemicellulose, cellulose and lignin [84]. 
The strong bands illustrated that the amount of carbonyl groups, aromatic and ether 
type structures, carboxyl groups were significant in sample. The medium bands 
illustrated the methyl methylene groups of holocellulose and lignin.  
Hybrid poplar extracted sample 
There were one broad band at 3349 cm
-1
 , medium bands at, 2923, 2849, 1739, 1652, 
1614, 1507, 1462, 1420, 1373, 1325, 1236, 1161,1105, 1046, 1018, and weak bands 
at 716, 896, 810 cm
-1
. 
The broad band originate from –OH stretching and the medium bands at 2924 and 
2856 cm
-1
 indicate C-H stretching of methyl and methylene groups, 1739 cm
-1 
is 
assigned to C=O vibrations in carbonyl groups, mainly ketones and esters [84], 1161, 
1105, 1046, 1018 cm
-1
 assigned to C-O-C stretching vibrations of ether type 
structures and 1652 and 1614 cm
-1
 are assigned to olefinic C=C vibration absorptions 
of alkenes, 1507 and 1462 cm
-1
 are assigned to aromatic C=C streching vibration 
[109], 1420 cm
-1
 is assigned to O-H in  plane vibrations of alcohols and phenols and 
1373 cm
-1
 is assigned to CH3 deformations of alkanes, 1236 cm
-1 
is assigned to 
carboxylic acids and derivatives, 896, 810 cm
-1
 indicates C-H bending vibrations in 
aromatic structures, 716 cm
-1
 is assigned to O-H out of plane vibrations of alcohols 
and phenols [108].  
The medium bands illustrated the amount of methyl, methylene groups, carbonyl and 
carboxyl groups, ether type structures, alcohols and phenols, olefinic structures, 
aromatic structures and methyl deformations presence. The weak bands illustrated  
aromatic structures, alcohols and phenols. 
 Hybrid poplar holocellulose 
There were one broad band at 3349 cm
-1
, strong bands at 2923, 2853, 1741, 1640, 
1460, 1100, 1043 cm
-1
, medium bands at  1378, 1256, 1161, 896 cm
-1
. 
The broad band originate from –OH stretching. The strong bands at 2923 and 2856 
cm
-1
 indicate C-H stretching of methyl and methylene groups, 1741 cm
-1
 is assigned 
to C=O vibrations in carbonyl groups, mainly ketones and esters [84], 1640 cm
-1
 is 
assigned to olefinic C=C vibration absorptions of alkenes, 1460 cm
-1
 is assigned to  
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Figure 6.4 :  FTIR spectra of hybrid poplar structural components. 
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aromatic C=C streching vibration, 1100 and 1043 cm
-1
 C-O-C stretching vibrations 
of ether type structures [109]. The medium bands at  1378 cm
-1
 is assigned to O-H in  
plane vibrations of alcohols and phenols, 1256 cm
-1
 is assigned to C-O stretching 
vibrations of carboxylic acids, 1161 cm
-1
 is assigned to C-O stretching vibrations of 
alcohols and phenols, 896 cm
-1
 is assigned to C-H bending vibrations in aromatic 
structures [108].  
The strong bands illustrated the amount of methyl, methylene, carbonyl groups 
olefinic and aromatic and ether type structures are significant in sample. The medium 
bands illustrate  alcohols and  phenols, carboxylic acids and aromatic structures. 
Hybrid poplar lignin 
There were strong bands at 1283, 1163, 1067, 1016, 882, 850 cm
-1
, medium bands at 
2923, 2853,1743, 1610, 1462, 1325 cm
-1
.  
The strong bands at 1283 cm
-1 
is assigned to C-O stretching unsaturated ethers, 1163, 
1067, 1016 cm
-1
 are assigned to C-O stretching of saturated ethers, 882  and 850 cm
-1
 
are assigned to C-H out of plane bending vibrations in lignin monomeric units [83]. 
The medium bands at 2923 and 2853 cm
-1
 indicate C-H stretching of methyl and 
methylene groups [84], 1743 cm
-1
 is assigned to C=O vibrations in carbonyl groups, 
1610  cm
-1
 is assigned to olefinic C=C vibration absorptions of olefinic structures 
and 1462 cm
-1
 is  assigned to O-CH3 vibration absorptions of metoxyl groups [105], 
1325 cm
-1
 bending vibration of alcoholic and phenolic O-H vibrations [93]. 
The strong bands illustrate the amount saturated and unsaturated ether structures  
were significant in sample. The medium bands illustrates the carbonyl and metoxyl 
groups and aromatic structures presence.  
Cunha et al. [110] revealed that, band at 1740 cm
-1
 has been assigned to the acetyl, 
uronic, and feluric ester groups of hemicellulose. On the other hand, a component of 
the carbonyl band appearing at a lower wavenumber is related to the conjunction of a 
carbonyl group with an aromatic ring, as occurs with carbohydrate linked with lignin 
components. 
FTIR spectra of HP structural components were shown in Figure C.1, Appendix C. 
They were compared among themselves and it was observed that, carbonyl groups, 
olefinic and aromatic structures of HPM were remained at HPE at lower intensities. 
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Decreasing intensities of  aromatic and olefinic structures were due to the extractives 
were particularly removed. Also, aldehydes and ketones were removed by extraction 
process.  
The medium peaks of methyl, methylene, carbonyl, alcohol, phenol and olefinic 
structures of extracted sample were observed as strong peaks in HPL sample. Also, 
carboxyl groups were detected and aromatic structures were observed as extracted 
sample. 
Aromatic structures were observed as HPH sample and carboxyl groups were 
observed with higher intensity in HPL sample. Other strong peaks of HPH sample 
were observed as medium peaks in HPL sample. 
6.4.1.2 Sunflower stalk and stover results 
FTIR spectra of unpyrolysed SS structural components were shown in Figure 6.5. 
The bands were identified according to literature studies about functional group 
determination. 
Sunflower stalk and stover main sample 
There were  one broad band at  3379 cm
-1
, strong bands at 2926, 2853, 1743, 
1460,1256, 1163, 1104, 1044, 1019, 962 cm
-1
, medium bands at 1652,1612, cm
-1
 in 
SSM. 
The broad band originate from –OH stretching. The strong bands at 2924 and 2853 
cm
-1
 indicating the presence of methyl and methylene groups, 1743 cm
-1
 is assigned 
to C=O vibrations in carbonyl groups, shows the presence of esters [84], 1460 cm
-1
 
indicates the aromatic C=C vibration absorptions, 1256 cm
-1
 is assigned to C-O-C 
vibration which indicates the carboxylic acid, 1163, 1104, 1044 and 1019 cm
-1
 
indicating the C-O-C stretching vibrations of ether type structures [109], 962 cm
-1
 
indicating to C-H bending vibrations, in olefinic or aromatic structures. The medium 
bands at 1652 and 1612 cm
-1
 indicate the olefinic  C=C vibration absorptions, and its 
derivatives presence [83].  
The strong bands illustrated the amount of the methyl, methylene, carbonyl, carboxyl 
groups, ether type and aromatic structures are significant in sample. The medium 
bands illustrated the olefinic structures. 
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Sunflower stalk and stover extracted sample 
There were one braoad band at 3325 cm
-1
,  strong bands at 2923, 2853, 1732, 1598, 
1505, 1420, 1369, 1320, 1240, 1145, 1097, 1019 and 896 cm
-1
, some medium bands 
at 870-650 cm
-1 
region in SSE. 
The broad band at 3325 cm
-1
 is ascribable to O-H streching vibrations in hydroxyl 
groups. The strong bands at 2923 and 2853 cm
-1
 indicating the presence of methyl 
and methylene groups, 1732 cm
-1
 is assigned to C=O vibrations in carbonyl groups, 
that shows the acetyl derivative and aldehyde groups [84], 1598 and 1505cm
-1
 
indicates the aromatic C=C vibration absorptions, 1420 cm
-1 
is assigned to C-H 
bending vibrations in aliphatic structures, 1369 cm
-1
 indicates the O-H&C-H bending 
vibration acids, phenols, and olefines [83], 1320 cm
-1 
represents the carboxylic acids 
and derivatives [108], 1240, 1145, 1097 and 1019 cm
-1
 indicating C-O-C stretching 
vibrations of ether type structures [109]. The medium bands 900-700 cm
-1
 region are 
ascribed to C-H bending vibrations in olefinic or aromatic structures in SSE sample 
[83]. 
The strong bands illustrated the amount of methyl, methylene, carbonyl, aromatic 
and aliphatic structures, carboxyl groups, ether type structures were significant in 
extracted sample. The medium bands illustrated olefinic or aromatic structures. 
Sunflower stalk and stover holocellulose  
There were one broad band at 3395 cm
-1
, medium bands at 2923, 2853, 1745, 1650, 
1610, 1528, 1462, 1315, 1242, 1159, 1140, 1044, 1097 and 1019 cm
-1
 some weak 
bands at 950-650 cm
-1
 region in SSH sample. 
The broad band at 3395 cm
-1
 is ascribable to O-H streching vibrations in hydroxyl 
groups. The medium bands at 2923 and 2853 cm
-1
  indicate  the presence of methyl 
and methylene groups, 1745 cm
-1
 is assigned to C=O vibrations in carbonyl groups, 
shows the presence of esters [84], 1650 and 1610 cm
-1
 indicates olefinic C=C 
vibration absorptions, 1528, 1462 cm
-1
 are assigned to the aromatic C=C vibration 
absorbtions [83], 1315 cm
-1 
represents the carboxylic acids and derivatives [108], 
1242,1159, 1140, 1044 and  1019 cm
-1
 are assigned to C-O-C stretching vibrations of 
ether type structures [109]. The weak bands at 950-650 cm
-1
 region are ascribed to C-
H bending vibrations in olefinic or aromatic structures in SSH sample [83]. 
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Figure 6.5 : FTIR spectra of sunflower stalk and stover structural components. 
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The medium bands illustrated methyl, methylene groups, olefinic, alcohol and  
phenol structures carbonyl groups, carboxyl groups, ether type, aromatic and olefinic 
structures presence. The weak bands illustrated olefinic or aromatic structures.  
Sunflower stalk and stover lignin 
There were one broad band at 3169 cm
-1
, seven strong bands at, 1401, 1198, 1163, 
1137, 1125, 1049 and 1025 cm
-1
, eight medium bands at 2923, 2853, 1713, 1638, 
1540, 1500, 1455, 990 cm
-1
, some weak bands at 90-700 cm
-1 
region in SFL sample. 
The broad bands at 3169 cm
-1
 is ascribable to O-H streching vibrations in hydroxyl 
groups [84]. The strong bands at 1401 cm
-1
 is assigned to aromatic ring vibrations 
combined with CH2 bending [105], 1198, 1163, 1137, 1124, 1049 and 1025 cm
-1
 are 
assigned to C-O  stretching of saturated ethers [83]. The medium bands at 2923 and 
2853 cm
-1
 indicate C-H stretching of methyl and methylene groups, 1713 cm
-1
 is 
assigned to carbonyl streching vibration [88], 1638 cm
-1
 is assigned to carbonyl 
streching vibration conjugated to the aromatic ring [92], 1540, 1500 cm
-1
 are  
assigned to  aromatic sceletal C=C vibration [109],  1455 cm
-1
 is  assigned to O-CH3 
vibration absorptions of metoxyl groups [105],  990 cm
-1
 is assigned to C-O 
stretching [93]. The weak bands are ascribed to C-H bending vibrations in olefinic or 
aromatic structures in SFL sample [83]. 
The strong bands illustrated the amount of the aromatic and ether type structures are 
significant in sample. The medium bands illustrated carbonyl, metoxyl groups and 
aromatic structures.The weak bands illustrated the olefinic or aromatic structures. 
FTIR spectra of SS structural components were shown at Figure C.2, Appendix C. 
They were compared among themselves. It was observed that, methyl, methylene, 
carbonyl, carboxyl, and aromatic structures were observed as strong bands in main 
sample. There was a broad band in extracted sample of hydroxyl groups. This may 
be attributed to the water that adsorbed on surface of matter. Also, high intensity 
bands were observed that illustrates methyl, methylene, carbonyl groups, aromatic 
and olefinic structures. C-O stretching vibrations that illustrates ether type of 
structures were observed as strong band in SSE sample. SSH sample showed similar 
bands as main sample. SSL sample bands at 1198, 1163, 1137, 1124 cm
-1 
are 
obscured by the much stronger carbohydrate bands. 
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6.4.1.3 Apricot stone results 
FTIR spectra of unpyrolysed AS structural components were shown in Figure 6.6. 
The bands were identified according to literature studies about functional group 
determination. 
Apricot stone main sample 
There were one broad band at 3350 cm
-1
, strong bands at, 1746, 1163, 1100, 1042 
and 1019 cm
-1
,  medium bands at 2924, 2853,1650, 1540, 1462, 1378, 1238, cm
-1
 
and some weak bands at  700-900 cm
-1 
region. 
The broad band at 3350 cm
-1
 indicates hydroxyl groups. The strong bands at 1746 
cm
-1
 is assigned to C=O vibrations in carbonyl groups, shows the presence of esters 
[84], 1163, 1100, 1042 and 1019 cm
-1
 cm
-1
 indicating C-O-C stretching vibrations of 
ether type structures [109]. The medium bands at 2924 cm
-1
 and 2853 cm
-1
 indicate  
C-H stretching of methyl and methylene groups [84], 1650 cm
-1
 indicates the olefinic 
C=C vibration absorptions of olefinic structures, 1540 cm
-1
 and 1462 cm
-1
 indicates 
the aromatic C=C vibration absorptions [83], 1378  cm
-1
 indicates the O-H bending 
in plane vibration of alcohols and phenols, 1238 cm
-1
 is assigned to C-O stretching  
represents the carboxylic acid or ether  structures [108]. Weak bands  at 900-700 cm
-
1 
region is ascribable to C-H bending vibrations, in olefinic or aromatic structures in 
main sample [83]. 
The strong bands illustrated the amount of carbonyl groups, ether type of structures 
are significant in sample. The medium bands illustrated methyl and methylene 
groups the olefinic, aromatic and carboxylic acid structures. The weak bands 
illustrated olefinic or aromatic structures.  
Apricot stone extracted sample 
There were one broad band at 1645 cm
-1
, strong bands at 2924, 2853,1746,721, 693 
cm
-1
,  medium bands at 1462, 1376, 1154, 1098, 1042, 1020 cm
-1
. 
The broad band at 1645 cm
-1
 indicates the olefinic C=C vibration absorptions of 
alkenes [83]. The strong bands at 2924 cm
-1
 and 2853 cm
-1
 indicate  C-H stretching 
of methyl and methylene groups, 1746 cm
-1
 is assigned to C=O vibrations in 
carbonyl groups, shows the presence of esters [84], 721 cm
-1
 and 693 cm
-1
 are 
ascribable to C-H bending vibrations, in olefinic or aromatic structures. The medium 
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bands at 1462 cm
-1
 indicates the aromatic C=C vibration absorptions [83]. 1376  cm
-1
 
indicates CH3 deformations [108], 1154, 1118, 1098 and 1020 cm
-1
 are assigned to 
C-O-C stretching vibrations of ether type structures [109]. 
The strong bands illustrated the amount of methyl, methylene and carbonyl groups, 
olefinic and aromatic structures are significant in sample. The medium bands 
illustrate aromatic, ether type of  structures and methyl deformations presence. 
Apricot stone holocellulose  
There were strong bands at 2923, 2853, 1596, 1542, 1462, 1044, 1161, 1100, 1018 
cm
-1
, medium bands at 1745, 1378, 1242, 810cm
-1
. 
The strong bands at 2923 cm
-1
 and 2853 cm
-1
 indicate C-H stretching of methyl and 
methylene groups [84], 1596, 1542 and 1462 cm
-1
 indicates the aromatic C=C 
vibration absorptions [83], 1161,1100, 1044, 1018 cm
-1
 are assigned to C-O-C 
stretching vibrations of ether type structures [109]. The medium bands at 1745 cm
-1
 
is assigned to C=O vibrations in carbonyl groups, shows the presence of esters [84], 
1378  cm
-1
 indicates CH3 deformations, 1242 cm
-1
 is assigned to C-O stretching  
represents the carboxylic acid or ether  structures, 810 cm
-1
 are ascribed to C-H 
bending vibrations in olefinic or aromatic structures [108].  
The strong bands illustrate the amount of methyl, methylene groups aromatic 
structures ether type structures are significant in sample. The medium bands illustrate 
the carbonyl groups, carboxylic acids, olefinic or aromatic structures presence. 
Apricot stone lignin 
There were  strong peaks at 1610, 1507, 1462, 1280, 1222, 1164, 1069, 1042, 1015, 
882, 847 cm
-1
, four medium bands at 2924, 2856, 1745, 1399 cm
-1
, and weak bands 
at 900-650 cm
-1
 region.  
The strong bands at 1610 and 1507 cm
-1
 indicates the olefinic C=C vibration 
absorptions [83], 1462 cm
-1
 is  assigned to O-CH3 vibration absorptions of metoxyl 
groups [105], 1280, 1222 cm
-1
 are assigned to C-O stretching of unsaturated ethers, 
1164, 1069, 1042, 1015 cm
-1
 are assigned to C-O stretching of saturated ethers, 882 
and 847 cm
-1
 indicates C-H bending vibrations in aromatic structures [83]. The 
medium bands at 2924
 
and 2856 cm
-1
 indicate C-H stretching of methyl and 
methylene groups, 1745 cm
-1
 is assigned to C=O vibrations in carbonyl groups,  
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Figure 6.6 :  FTIR spectra of apricot stone structural components. 
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shows the presence of esters [84], 1399 cm
-1
 indicates O-H&C-H bending vibrations 
of phenols, acids and olefines. The weak bands at 900-700 cm
-1 
region are ascribed to 
C-H bending vibrations in olefinic or aromatic structures in ASL sample [83]. 
The strong bands illustrated the amount of aromatic, metoxyl groups, ether and 
aromatic structures were significant in sample. The medium bands illustrated the 
methyl, methylene, carbonyl groups, phenols and acids presence. The weak bands 
illustrated olefinic and aromatic structures. 
FTIR spectra of AS structural components were shown at Figure C.3, Appendix C. 
They were compared among themselves. It was observed that, the intensity of 
carbonyl groups were decreased, carboxyl groups were released and sample get 
enriched in aromatic structure after extraction process. Olefinic and aromatic 
structures of main sample were generated from lignin sample. The intensities of 
lignin sample bands much more higher than main sample at 1200-1000 cm
-1
 region. 
This situation can be attributed to the high concentration of lignin in sample. 
 
Figure 6.7 : Wax and lignin bands of beech, spruce and straw [111]. 
Stelte et al. [111] investigated the FTIR spectra of some biomass samples and 
detected similar bands as our samples. 
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6.4.2 FTIR spectra of pyrolysed samples results 
6.4.2.1 Hybrid poplar results 
Hybrid poplar main sample 
FTIR spectra of pyrolysed HPM sample at different temperatures were shown in 
Figure 6.8.a, 6.8.b. 
When HPM heated to 210
o
C,  there were no substantional change observed at 
characteristic cellulose bands between 1200-1000 cm
-1
 region. The broad band at 
3342 cm
-1
,  indicates hydroxyl groups [84]. The strong bands at 1159, 1123, 1111, 
1084, 1042 cm
-1 
and 1026 cm
-1
, indicates ether type structures [109]. The medium 
bands at 2919 and 2853 cm
-1
, indicates methyl groups, 1738 cm
-1
, indicates carbonyl 
groups, 1643 cm
-1
, indicates olefinic structures, 1605, 1509, 1456 cm
-1
 indicates 
aromatic structures [84], 1374 cm
-1
 and 1317 cm
-1
 indicates methyl group 
deformation of alkanes and alkyl groups respectively [108,83].  
The strong bands illustrated ether type structures. The medium bands illustrated 
methyl, methylene and carbonyl groups, olefinic and aromatic structures, methyl 
deformation and alkyl groups presence. 
When HPM heated to 354 
o
C, the strong bands were broaden at 1700-1025 cm
-1
 
region. The strong bands at 1601 cm
-1
  and 1446 cm
-1
 indicates the aromatic 
structures [83], 1376 cm
-1
 indicates methyl group deformation of alkanes, 1313 and 
1256 cm
-1
 indicates carboxylic acids [108], 1219, 1194, 1166, 1114, 1044 and 1025 
cm
-1
 indicates ether type structures [109]. The medium bands at 2923 and 2849 cm
-1
 
indicates methyl groups [84], 1699 cm
-1
 indicates carbonyl groups, 870 and  867 cm
-1
 
indicates bending vibrations in alkanes [83]. 
The strong bands illustrated aromatic structures, methyl group deformation, 
carboxylic acids, ether type structures were significant. The medium bands illustrated 
methyl and carbonyl groups and alkanes presence. 
When HPM heated to 400 
o
C, the strongest band was at 1597 cm
-1
 indicates the 
aromatic structures [83]. Other strong peaks were at 2923  and 2853 cm
-1
 indicates 
methyl groups [84], 1046  and 1018 cm
-1
 indicates ether type structures [109]. The 
medium bands at 1432-1100 cm
-1
 region indicates the ether type of structures and  
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Figure 6.8.a : FTIR spectra of heated hybrid poplar main sample at different 
temperatures. 
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Figure 6.8.b : FTIR spectra of heated hybrid poplar main sample at different 
temperatures. 
CH3 deformation of alkanes. Other medium bands  at 700-900 cm
-1
 region indicates 
the bending vibrations in aromatic and olefinics [109,83].  
The strong bands illustrate methyl groups, aromatic and ether type structures. The 
medium bands illustrate, CH3 deformations, aromatics and olefinics. 
When HPM heated to 600
o
C, strong bands were seen with relatively low intensity to 
400 
o
C. The strong bands at 1582 cm
-1
 indicates the aromatic structures [83], 1397 
cm
-1
 indicates methyl group deformation of alkanes [108], 1042, 1020 cm
-1
 indicates 
ether type structures [109]. The medium bands that relatively high intensity to 400 
o
C 
at 650-900 cm
-1
 region indicates the bending vibrations in aromatic and olefinics. 
The strong bands illustrate aromatic structures, methyl group deformation, ether type, 
aromatic and olefinic structures. The medium bands illustrate aromatic and olefinics. 
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FTIR spectra of HPM sample pyrolysed at different temperature results were 
compared. There was a broad hydroxyl band was observed at main sample unlike 
structural samples. This can be attributed to water absorbed on surface of main 
sample. The substantional diminution was observed at hydroxyl bands as the 
temperature was increased. There were no significant changes observed at ether 
bands. Carbonyl band was disappeared after pyrolysis at 354
o
C and carboxyl band 
was occured. The highest intensity methyl deformation band was observed at 354
o
C, 
which was maximum decomposition rate temperature. Heating caused the aromatic 
band to grow and reached maximum intensity at 354
o
C. Further heating to 600
o
C, 
FTIR bands coalesce into broad peaks (see Figure C.4, Appendix C). 
Cunha et. al. [110] revealed that C=O bands usually disappear with high temperature 
treatments of cellulose, hemicellulose and lignin structures due to formationof C-O-C 
bonds between rings. Our study verified that, carbonyl bands were disappeared, and 
there were no significant change at ether bands. 
Hybrid poplar extracted sample 
FTIR spectra of heated hybrid poplar extracted sample at different  temperatures 
were shown in  Figure 6.9.a, 6.9.b. 
 When HPE sample heated to 225
o
C, there were no significant change observed 
except increasing intensities. The strong bands at 2923
 
and 2849 cm
-1
 indicate 
methyl, methylene groups [84], 1645 cm
-1
 indicates aromatic structures [83], 1102, 
1042, 1022 cm
-1
 indicate ether type structures [109]. The medium bands at 1739 cm
-1
 
indicates carbonyl groups of esters [84], 1509 and  1453 cm
-1
 indicate aromatic 
structures [83], 1420 and 1378 cm
-1
 indicate CH2&CH3 deformations, 1315 and 1257 
cm
-1
 indicate carboxylic acids and derivatives. The weak band at 871 cm
-1
 indicates 
olefinic or aromatic structures [108]. 
The strong bands illustrated the amount of methyl, methylene groups, aromatic and 
ether type structures were significant in sample. The medium bands illustrated 
carbonyl groups of esters, aromatic structures, CH2&CH3 deformations, carboxylic 
acids and derivatives presence. The weak bands illustrated olefinic or aromatic 
structures. 
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Figure 6.9.a :  FTIR spectra of heated hybrid poplar extracted sample at different            
temperatures. 
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Figure 6.9.b : FTIR spectra of heated hybrid poplar extracted sample at different     
temperatures. 
When HPE sample heated to 370 
o
C, the intensities of bands were suprisingly 
increased. The strong bands at 2923 and 2849 cm
-1
 indicate methyl groups [84], 1600 
and 1453 cm
-1 
 indicate the aromatic structures [83], 1378 cm
-1
 indicates CH2&CH3 
deformations, 1315 and 1219 cm
-1
 indicate carboxylic acids and derivatives [108], 
1166, 1044 and 1021 cm
-1 
indicate ether type of structures [109]. The medium bands 
at 900-700 cm
-1 
region indicates olefinic or aromatic structures [83]. 
The strong bands illustrated the amount of methyl, methylene groups, aromatic 
structures, CH2&CH3 deformations, carboxylic acids and derivatives, ether type 
structures were significant in sample. The medium bands illustrated olefinic or 
aromatic structures presence. 
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When HPE sample heated to 405
o
C, the intensities were decreased with respect to 
370
o
C. The strong bands at 2923 and 2849 cm
-1
 indicate methyl groups [84], 1598 
cm
-1
 indicates the aromatic structures [83], 1383 cm
-1
 indicates CH2&CH3 
deformations, 1312 and 1219 cm
-1
 indicate carboxylic acids and derivatives [108], 
1437, 1168, 1043 and 1021 cm
-1
 indicate ether type structures [109]. The medium 
bands at 900-700 cm
-1
 region indicates olefinic or aromatic structures. 
The strong bands illustrated the amount of methyl, methylene groups, aromatic 
structures, CH2&CH3 deformations, carboxylic acids and derivatives, ether type 
structures were significant in sample. The medium bands illustrate olefinic or 
aromatic structures presence. 
When HPE sample heated to 600
o
C, the intensities were decreased with respect to 
405
o
C. The strong bands at 2923
 
and 2856 cm
-1
 indicate methyl groups[84], 1577 
and 1465 cm
-1
 indicates the aromatic structures [83], 1378 cm
-1
 indicates CH2&CH3 
deformations, 1226 cm
-1
 indicate carboxylic acids and derivatives [108], 1189 and 
1159 cm
-1
 indicate ether type structures [109]. The medium bands at 873 and 812 cm
-
1 
 indicates olefinic or aromatic structures [83]. 
The strong bands illustrated the amount of methyl groups, aromatic structures, 
CH2&CH3 deformations, carboxylic acids and derivatives, ether type structures were 
significant in sample. The medium bands illustrated olefinic or aromatic structures 
presence. 
FTIR spectra of pyrolysed HPE sample at different temperature results were 
compared. The hydroxyl band was grown by increasing temperatures and began to 
wane after 370
o
C. Methyl deformation band reached maximum intensity at 370
o
C 
and continued to 600
o
C. Carbonyl band was disappeared after 225
o
C. Carboxylic 
acid and ether structures were existed at high temperatures. After 405
o
C the 
resolution of the ether bands were observed. Heating caused the aromatic band to 
grow and reached maximum intensity at 370
o
C. Further heating to 600
o
C, FTIR 
bands coalesce into broad peaks (see Figure C.5, Appendix C). 
Hybrid poplar holocellulose  
FTIR spectra of heated HPH sample at different temperatures were shown in Figure 
6.10.a, 6.10.b. 
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When HPH sample heated to 190 
o
C, there were no significant changes observed. 
The broad band at 3339 cm
-1
 indicates hydroxyl groups. The strong bands at 1154, 
1090
 
and 1049 cm
-1
 indicates ether type strutures [109]. The medium bands at 2919 
and 2856 cm
-1
 indicate methyl groups, 1736 cm
-1
 indicates carbonyl groups of esters 
[84], 1634 cm
-1
 indicates olefinic structures as alkenes [83], 1432 cm
-1
 indicates 
carboxylic acids and derivatives, 1371 cm
-1
 indicates CH3 deformation, 1318 and 
1249 cm
-1
 indicates the carboxylic acid or ether  structures and  901 cm
-1
 indicates 
aromatic structures [108].  
The strong bands illustrated the amount of ether types structures were significant in 
sample. The medium bands illustrated methyl groups, carbonyl groups of esters, 
alkenes, CH3 deformations, carboxylic acid and  aromatic structures presence. 
When HPH sample heated to 328
o
C, the intensities of cellulose bands were suddenly 
decreased although the intensities of other regions were increased with respect to 
190
o
C. The broad band at 3375 cm
-1
 indicates hydroxyl groups[109]. The strong 
bands at 1601 cm
-1
 indicates olefinic structures [83], 1434 cm
-1
 indicates O-H 
bending of acids [105], 1373 cm
-1
 indicates CH3 deformation, 1317 cm
-1
 and 1210 
cm
-1
 indicates the carboxylic acid or ether  structures, 1042  and 1020 cm
-1
 indicate 
ether type structures [109]. The medium bands at 2923 cm
-1
 and 2853 cm
-1
 indicate 
methyl groups [84]. 
The strong bands illustrated the amount of olefinic structures, acids, CH3 
deformation, carboxylic acid and ether structures were significant in sample. The 
medium bands illustrate methyl groups. 
When HPH sample heated to 600
o
C, the intensities were decreased with respect to 
370
o
C. The strong bands at 2922 and 2853 cm
-1
 indicate methyl, methylene groups 
[84], 1593, 1552 cm
-1
 and 1463 cm
-1
 indicates aromatic structures [83], 1409 cm
-1
  
indicates O-H bending of acids [105], 1385 cm
-1
 indicates CH3 deformation [108], 
1154 cm
-1
  and 1048 cm
-1
 indicate ether type structures [109]. The medium bands at 
1745 cm
-1
 indicates carbonyl groups [84], 936, 894 and 873 cm
-1 
indicate olefinic 
and aromatic structures [83]. 
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Figure 6.10.a :  FTIR spectra of heated hybrid poplar holocellulose sample at 
different temperature. 
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Figure 6.10.b :  FTIR spectra of heated hybrid poplar holocellulose sample at 
different temperatures. 
When HPH sample heated to 370 
o
C, there were no signinficant changes observed 
with respect to 328 
o
C. The broad band at 3358 cm
-1
 indicates hydroxyl groups [109]. 
The strong bands at 1594 cm
-1
 indicates aromatic structures[83], 1434 cm
-1
  indicates 
O-H bending of acids [105], 1376 cm
-1
 indicates CH3 deformation, 1318 cm
-1
  
indicates the carboxylic acid or ether  structures[108], 1194, 1048 and 1018 cm
-1
 
indicates ether type structures [109]. The medium bands at 2919 and 2849 cm
-1
 
indicate methyl, methylene groups [84]. 
The strong bands illustrated the amount of aromatic structures, acids, CH3 
deformation, carboxylic acids, ether type structures were significant in sample. The 
medium bands illustrate methyl, methylene groups. 
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The strong bands illustrated the amount of methyl, methylene groups, aromatic 
structures, acids, CH3 deformation, ether type structures were significant in sample. 
The medium bands illustrated carbonyl groups of esters, olefinic and aromatic 
structures presence. 
FTIR spectra of pyrolysed HPH sample at different temperature results were 
compared. The hydroxyl band was grown by increasing temperatures and began to 
wane after 190
o
C. Methyl, methylene bands were grown  by increasing temperatures 
and reached maximum intensity at 600
o
C. Methyl deformation band reached 
maximum intensity at 328
o
C and continued to 600
o
C. Carbonyl band was 
disappeared after 190
o
C. Carboxylic acid and ether structures were existed at high 
temperatures. After 370
o
C the resolution of the ether bands were observed and 
carboxylic acids were disappeared. Heating caused the aromatic band to grow and 
reached maximum intensity at 370
o
C. Further heating to 600
o
C, FTIR bands coalesce 
into broad peaks (see Figure C.6, Appendix C). 
Hybrid poplar lignin  
FTIR spectra of heated HPL sample at different temperatures were shown in Figure 
611.a, 6.11.b.  
When HPL sample heated to 120
o
C, there were no significant changes observed. The 
strong bands at 1172, 1069, 1008 cm
-1
 are assigned to C-O stretching vibrations in 
ether type structures [109], 884 and 850 cm
-1
 are assigned to C-H out of plane 
bending vibrations in aromatic structures [83]. The medium bands at 2923 cm
-1
 and 
2849 cm
-1
 indicates methyl groups, 1745 cm
-1
 is assigned to C=O vibrations in 
carbonyl groups [84], 1459 cm
-1
 is assigned to metoxyl groups [105], 1378 cm
-1
 
indicates methyl deformations [108]. 
The strong bands illustrate the amount of the ether type structures were significant in 
sample. The medium bands illustrate metoxyl, carbonyl groups, olefinic structures 
and  methyl deformations presence. 
When HPL sample heated to 175 
o
C, there were no significant changes observed.  
The strong bands at 1212, 1048, 1020 cm
-1
 are assigned to  C-O stretching vibrations 
in ether type structures [109]. The medium bands at 2923 and 2853 cm
-1
 are assigned 
to methyl and methylene groups, 1636 cm
-1
 indicates the olefinic C=C vibration  
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Figure 6.11.a :  FTIR spectra of heated hybrid poplar lignin sample at different 
temperatures. 
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Figure 6.11.b :  FTIR spectra of heated hybrid poplar lignin sample at different 
temperatures. 
absorptions, 1458 cm
-1
 indicates aromatic C=C vibrations,  850 and 753 cm
-1
 indicate 
C-H vibrations in lignin monomeric units [83]. 
The strong bands illustrated the amount of the ether type structures were significant 
in sample. The medium bands illustrate olefinic and aromatic structures presence. 
When HPL sample heated to 310
o
C, the intensities were decreased. The strong bands 
at 2926  and 2849 cm
-1
 indicate methyl, methylene groups [84], 1215 cm
-1
 indicates 
C-O stretching of phenols, 1118, 1042, 1018 cm
-1
 are assigned to C-O stretching 
vibrations in ether type structures [109]. The medium bands at 1706 cm
-1
 indicates 
carbonyl groups, 1636 cm
-1
 indicates the olefinic C=C vibration absorptions [83], 
1460 cm
-1
 indicates metoxyl groups [105], 878 cm
-1
 indicates aromatic structures 
[83]. 
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The strong bands illustrated the amount of the methyl, methylene groups, phenols 
and ether type structures were significant in sample. The medium bands illustrated 
carbonyl groups, olefinic and aromatic structures presence. 
When HPL sample heated to 600
o
C, the resolution of the bands were observed.  The 
strong bands at  2923 cm
-1
 and 2853 cm
-1
  indicate methyl, methylene groups [84], 
1118, 1042, 1016 cm
-1
 indicate ether type structures [109]. The medium bands at 
1717 cm
-1
 probably represents carbonyls, mainly ketones and esters [84], 1634 cm
-1
  
indicates the olefinic C=C vibration absorptions [83], 1462 cm
-1
 indicates metoxyl 
groups [105], 856 cm
-1
 indicates C-H out of plane in positions in aromatic structures 
[83]. 
The strong bands illustrated the amount of the methyl, methylene and ether type 
structures were significant in sample. The medium bands illustrated carbonyl groups, 
metoxyl, olefinic and aromatic structures. 
FTIR spectra of pyrolysed HPL sample at different temperature results were 
compared. The hydroxyl band was grown by increasing temperatures and began to 
wane after 175
o
C. Carbonyl band was disappeared after at 175
o
C and than appeared 
at 310
o
C. There were no significant changes were observed at ether bands. Heating 
caused the aromatic band to grow. Further heating to 600
o
C, FTIR bands coalesce 
into broad peaks (see Figure C.7, Appendix C). 
6.4.2.2 Sunflower stalk and stover results 
Sunflower stalk and stover main sample 
 FTIR spectra of heated SSM sample at different temperatures were shown in Figure 
6.12.a, 6.12.b.  
When SSM sample heated to 150 
o
C, some changes were observed. The broad band 
at 3347 cm
-1
 indicates hydroxyl groups. The strong bands at 2924 cm
-1
 and 2843 cm
-1
 
indicating the presence of methyl and methylene groups [84], 1600 cm
-1
 indicates 
olefinic structures [83], 1102, 1044 and 1023 cm
-1
 indice ether type structures [109]. 
The medium bands  at 1739 cm
-1
 indicates carbonyl groups [84], 1455 cm
-1
 indicates 
the aromatic structures [83], 1421 cm
-1
 indicates CH2 bending of aldehydes and 
ketones, 1242 cm
-1
 indicates the carboxylic acid and its derivatives [108]. The weak 
bands 900-700 cm
-1
 region indicates olefinic or aromatic structures [83]. 
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The strong bands illustrated the amount of the methyl, methylene groups and olefinic 
and ether type structures were significant in sample.The medium bands illustrated the 
carbonyl and carboxyl groups, aromatic structures presence. The weak bands 
illustrated olefinic or aromatic structures. 
 When SSM sample heated to 318
o
C, the broaden bands and raised intensities were 
observed. The broad band at 3332 cm
-1
  indicates hydroxyl groups. The strong bands 
at 2924 and 2853 cm
-1 
indicate methyl groups [84], 1641 cm
-1
  indicates olefinic 
structures, 1572 cm
-1
 indicates aromatic structures [93], 1407 cm
-1
 indicates O-H 
bending of acids [105], 1381 cm
-1
 indicates CH3 deformation of alkanes [108], 1041 
and 1023 cm
-1
 indicate ether type structures [109]. The medium bands at 1741 cm
-1
 
indicates carbonyl groups of esters [74], 718 cm
-1
 and 698 cm
-1 
indicate aromatic 
structures [83].
 
The strong bands illustrated the amount of the methyl, methylene groups, olefinic, 
aromatic, ether type structures were significant in sample. The medium bands 
illustrate the carbonyl groups and aromatic structures. 
When SSM sample heated to 370
o
C, the intensities of bands were suddenly 
increased. The broad band at 3700 cm
-1
 indicates hydroxyl groups. The strong bands 
at 2924 and 2853 cm
-1
 indicate methyl, methylene groups [84], 1678 cm
-1
  indicates 
olefinic structures, 1453 and 1571 cm
-1
 indicates aromatic structures [83], and 1406 
cm
-1
 indicates O-H bending of acids [105],  1315 cm
-1
 indicates C-CH3 bending 
vibrations [93], 1166, 1042 and 1020 cm
-1
 indicates ether type structures [109], 875 
and 782 cm
-1
 indicate aromatic structures presence [83]. The medium bands at 1739 
cm
-1
 indicates carbonyl groups of esters [84].  
The strong bands illustrated the amount of the methyl, methylene groups, olefinic, 
aromatic, ether type structures were significant in sample. The medium bands 
illustrated the carbonyl groups of esters.  
When SSM sample heated to 600
o
C, the intensities of bands were sudenly decreased. 
The strong bands at 2924 cm
-1
 and 2853 cm
-1
 indicating the presence of methyl and 
methylene groups [84], 1462 cm
-1
 indicates aromatic structures [83], 1402
 
 cm
-1
 
indicates O-H bending of acids [105],  1378 cm
-1 
  indicates CH3 deformation in 
alkanes [108], 1114, 1041 and 1020 cm
-1 
  indicates ether type structures [109], 864  
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Figure 6.12.a : FTIR spectra of heated sunflower stalk and stover main sample at  
different temperatures. 
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Figure 6.12.b :  FTIR spectra of heated sunflower stalk and stover main sample at    
different temperatures. 
and 829 cm
-1 
indicate olefinic and aromatic structures. The medium band at 1741 
indicates carbonyl groups of esters [84].  
The strong bands illustrated the amount of the methyl, methylene groups, olefinic, 
aromatic, ether type structures, acids and methyl deformation were significant in 
sample. The medium bands illustrated the carbonyl groups of esters. 
FTIR spectra of SSM sample pyrolysed at different temperature results were 
compared. The hydroxyl band was grown by increasing temperatures and began to 
wane after 370
o
C. The substantional diminution was observed at hydroxyl bands at 
600
o
C. There were no significant changes observed at ether bands. Carbonyl band 
was disappeared after pyrolysis at 150
o
C. Heating caused the olefinic and aromatic 
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band to grow and reached maximum intensity at 370
o
C. Further heating to 600
o
C, 
FTIR bands coalesce into broad peaks (see Figure C.8, Appendix C). 
Sunflower stalk and stover extracted sample 
 FTIR spectra of pyrolysed SSE sample at different temperatures were shown in 
Figure 6.13.a, 6.13.b.  
When SSE sample heated to 200
o
C, the intensities of bands were decreased.  The 
strong bands at 2924 cm
-1
 and 2850 cm
-1
 indicate methyl groups [84], 1042 and 1022 
cm
-1
 indicate ether type structures [109]. The medium bands at 1739 cm
-1 
indicates 
the carbonyl groups of esters [84], 1641 and 1624 cm
-1 
indicate olefinic structures, 
1594 cm
-1 
and 1460 cm
-1
 indicate the aromatic structures [83], 1420 cm
-1 
indicates O-
H bending of acids [105], 1378 cm
-1
 indicates CH3 deformation [108], 1322 cm
-1 
indicates O-H bending [93], 1242 cm
-1
 indicates the carboxylic acids[108]. The weak 
bands at 894 and 702 cm
-1
 indicate aromatic structures [83]. 
The strong bands illustrated the amount of methyl, methylene groups, ether type 
structures were significant in sample. The medium bands illustrated carbonyl groups 
of esters, olefinic and aromatic structures, CH2&CH3 deformations, carboxylic acids 
and derivatives presence. The weak bands illustrated aromatic structures. 
When SSE heated to 340
o
C, some resolution were observed at cellulose bands at 
region 1200-1000 cm
-1
. The strong bands at  2924 and 2856 cm
-1
 indicate methyl and 
methylene groups [84], 1595, 1558 and 1458 cm
-1
 indicate the aromatic structures 
[83], 1376 cm
-1
 indicates CH3 deformation, 1313 cm
-1
 indicates the carboxylic acids 
and derivatives [108]. The medium bands at 1739 cm
-1 
indicates the carbonyl groups 
of esters [84], 1046 cm
-1
 and 1021 cm
-1
 indicate ether type structures [109]. The 
weak bands at 875 cm
-1
 and 780 cm
-1
  indicate aromatic structures [83].  
The strong bands illustrated the amount of methyl, methylene groups, aromatic 
structures, CH3 deformation, carboxylic acids and derivatives were significant in 
sample. The medium bands illustrated carbonyl groups of esters, ether type structures 
presence. The weak bands illustrated aromatic structures. 
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Figure 6.13.a :  FTIR spectra of heated sunflower stalk and stover extracted sample 
at different temperatures. 
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Figure 6.13.b :  FTIR spectra of heated sunflower stalk and stover extracted sample 
at different temperatures. 
When SSE heated to 385
o
C there were no significant change observed with respect to 
340
o
C except decreasing intensities. The strong bands at  2924 and 2854 cm
-1
 
indicate methyl, methylene groups [84], 1641 cm
-1
 indicates olefinic structures, 
1595, and 1458 cm
-1
  indicate the aromatic structures [83], 1378 cm
-1
 indicates CH3 
deformation, 1315 cm
-1
 and 1261 cm
-1
 indicate the carboxylic acids and derivatives 
[108]. The medium bands at 1741 cm
-1 
indicates the carbonyl groups of esters [84], 
1044 cm
-1
  and 1021 cm
-1
 indicate ether type structures [109]. The weak bands at 875 
and 780 cm
-1
  indicate aromatic structures [83]. 
The strong bands illustrated the amount of methyl, methylene groups, olefinic and 
aromatic structures, CH3 deformation, carboxylic acids were significant in sample. 
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The medium bands illustrated carbonyl groups of esters, ether type structures 
presence. The weak bands illustrated aromatic structures. 
When SSE heated to 600
o
C, the intensities were decreased with respect to 385
o
C.  
The strong bands at  2924 and 2854 cm
-1
 indicate methyl and methylene groups[84], 
1591 and 1462 cm
-1
  indicate the aromatic structures [83],  1378 cm
-1
 indicates CH3 
deformation, 1261 cm
-1
 indicate the carboxylic acids and derivatives [108], 1044 cm
-
1
  and 1021 cm
-1
 indicate ether type structures [109]. The medium bands at 1741 cm
-1 
indicates the carbonyl groups of esters [84] and 1645 cm
-1
 indicates aromatic 
structures. The weak bands at 877 cm
-1
 indicates aromatic structures in extracted 
sample [83]. 
The strong bands illustrated the amount of methyl, methylene groups, aromatic 
structures, CH3 deformation, carboxylic acids and derivatives ether type structures 
were significant in sample. The medium bands illustrated carbonyl groups of esters 
and aromatic structures presence. The weak bands illustrated aromatic structures. 
FTIR spectra of pyrolysed SSE sample at different temperature results were 
compared. The intensity of  hydroxyl band of main sample was much more higher 
than hydroxyl band of structural components. This can be attributed to water 
absorbtion on surface of matter due to the washing after  extraction process. Methyl 
deformation band reached maximum intensity at 385
o
C and continued to 600
o
C. 
Carbonyl band was observed at each pyrolysis temperature. Carboxylic acid and 
ether structures were existed at high temperatures. Heating caused the aromatic band 
to grow and reached maximum intensity at 385
o
C. Further heating to 600
o
C, FTIR 
bands coalesce into broad peaks with lowest intensity (see Figure C.9, Appendix C). 
Sunflower stalk and stover holocellulose 
FTIR spectra of heated SSH sample at different temperatures were shown in Figure  
6.14.a, 6.14.b.  
When SSH sample heated to 190
o
C, there were no significant change observed 
except increasing intensities. The strong bands at 2923  and 2849 cm
-1
 indicate 
methyl groups [84], 1647 cm
-1
 indicates olefinic structures, 1598 cm
-1
 and 1463 cm
-1
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Figure 6.14.a :  FTIR spectra of heated sunflower stalk and stover  holocellulose 
sample at different temperatures. 
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indicates aromatic structures [83], 1414 cm
-1
  indicates CH2 bending of aldehydes 
and ketones [108], 1098, 1046 and 1020 cm
-1
 indicate ether type structures [109]. 
The medium bands at 1739 cm
-1
 indicates the carbonyl groups of esters [84], 1381 
cm
-1
 indicates CH3 deformations, 1317  and 1257 cm
-1
 indicates the carboxylic acid 
or ether  structures [108]. 
The strong bands illustrated the amount of methyl, methylene groups, olefinic and 
aromatic structures, aldehydes and ketones, ether type structures were significant in 
sample. The medium bands illustrated carbonyl groups of esters, CH3 deformations, 
carboxylic acid structures presence. 
When SSH heated to 250 
o
C, the intensities were suddenly increased and a broad 
peak was observed at 3375 cm
-1
 . The broad band indicates hydoxyl groups. The 
strong bands at 2923  and 2853 cm
-1
 indicate methyl, methylene groups [84], 1594 
cm
-1
 indicates aromatic structures [83], 1411 cm
-1
 indicates CH2 bending of 
aldehydes and ketones [108], 1047 cm
-1
 and 1021 cm
-1
 indicate ether type structures 
[109]. The medium bands at 1317  and 1259 cm
-1
 indicates the carboxylic acid or 
ether  structures [108]. 
The strong bands illustrated the amount of methyl, methylene groups, aromatic 
structures, aldehydes and ketones, ether type structures were significant in sample. 
The medium bands illustrated carboxylic acid or ether  structures presence. 
When SSH heated to 300 
o
C,  there were no significant changes observed except 
decreasing intensities at cellulose bands 1200-1000 cm
-1
 region. A broad peak was 
observed at 3375 cm
-1
. The strong bands at 2923 and 2853 cm
-1
 indicate methyl, 
methylene groups [84], 1571 cm
-1
 indicates aromatic structures [83], 1411 cm
-1
 
indicates CH2 bending of aldehydes and ketones. The medium bands at 1317  and 
1259 cm
-1
 indicates the carboxylic acid or ether  structures [108], 1044 cm
-1
 and 
1020 cm
-1
 indicate ether type structures [109], 779 cm
-1
 indicates aromatic structures 
[83]. 
The strong bands illustrated the amount of methyl, methylene groups, aromatic 
structures, aldehydes and ketones were significant in sample. The medium bands 
illustrated carboxylic acid, ether type structures and aromatic structures presence. 
When SSH heated to 350
o
C, decreasing intensities were observed at cellulose bands 
region with respect to 300
o
C. A broad band was observed at 3375 cm
-1
 indicates  
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Figure 6.14.b : FTIR spectraof heated sunflower stalk and stover  holocellulose 
sample at different temperatures. 
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hydroxyl groups. The strong bands at 2923 and 2856 cm
-1
 indicate methyl, 
methylene groups [84], 1569 cm
-1
 indicates aromatic structures [83], 1409 cm
-1
 
indicates CH2 bending of aldehydes and ketones. The medium bands at 1322 cm
-1
 
and 1261 cm
-1
 indicates the carboxylic acid or ether  structures [108]. 1042 and 1018 
cm
-1
 indicate ether type structures [109], 871 and 780 cm
-1
 indicates aromatic 
structures [83]. 
The strong bands illustrated the amount of methyl, methylene groups, aromatic 
structures, aldehydes and ketones were significant in sample. The medium bands 
illustrated carboxylic acid, ether type structures, aromatic structures presence. 
When SSH sample heated to 600 
o
C, the intensities were suddenly decreased with 
respect to 350 
o
C.   A broad band was observed at 3375 cm
-1
 , indicates hydroxyl 
groups. The strong bands at 2923  and 2853 cm
-1
 indicate methyl, methylene groups 
[84], 1453 cm
-1
 indicates aromatic structures [83]. The medium bands at 1746 cm
-1
 
indicates the carbonyl groups of esters [84], 1648 cm
-1
 indicates olefinic structures,  
1554 cm
-1
 indicates aromatic structures [83],  1044 and 1018 cm
-1
 indicate ether type 
structures [109], 878 cm
-1
 indicates olefinic or aromatic structures [83]. 
The strong bands illustrate the amount of methyl groups and aromatic structures are 
significant in sample. The medium bands illustrate carbonyl groups of esters, olefinic 
and aromatic structures, ether type structures. 
FTIR spectra of pyrolysed SSH sample at different temperature results were 
compared. The hydroxyl band was grown by increasing temperatures and began to 
wane after 350
o
C. The substantional diminution was observed at hydroxyl bands at 
600
o
C. There were no significant changes observed at ether bands. They were 
observed each temperature with decreasing intensities after 250
o
C. Carbonyl band 
was observed at each pyrolysis temperature. Methyl and methylene groups bands 
were reached maximum intensity at 350
o
C. Heating caused the olefinic and aromatic 
band to grow. These bands had similar and maximum intensities at 250
o
C, 300
o
C, 
and 350
o
C. Further heating to 600
o
C, FTIR bands coalesce into broad peaks (see 
Figure C.10, Appendix C). 
Sunflower stalk and stover lignin  
FTIR anayses of heated SSL at different temperatures were shown in Figure 
6.15.a,6.15.b.  
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Figure 6.15.a : FTIR spectra of heated sunflower stalk and stover lignin  at different 
temperatures. 
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Figure 6.15.b : FTIR spectra of heated sunflower stalk and stover lignin  at different 
temperatures. 
When SSL heated to 120
o
C, the intensities of bands were increased with respect to 
lignin sample. The strong bands at 1282, 1166, 1067, 1023 cm
-1
 are assigned to C-O 
stretching vibrations of ether structures, 875 cm
-1
 indicates C-H vibrations of lignin 
monomeric units [83]. The medium bands at 2923 and 2853 cm
-1
 indicate C-H 
stretching of methyl, methylene groups [84], 1710 cm
-1
 is assigned to carbonyl 
streching vibration [51], 1600 cm
-1
 is assigned to skeletal vibrations of fused-ring 
aromatic structures [88], 1456 cm
-1
 is assigned to O-CH3 vibration of metoxyl groups 
[105]. 
The strong bands illustrated the amount of ether structures were significant in 
sample. The medium bands illustrated methyl, methylene, carbonyl, metoxyl groups 
and aromatic structures presence. 
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When SSL heated to 185
o
C, the intensities of bands were decreased with respect to 
120
o
C. The strong bands at 1187, 1159, 1107, 1044, 1021 cm
-1
 are assigned to C-O 
stretching vibrations of ether structures [83]. The medium bands at 2923  and 2853 
cm
-1
 indicate C-H stretching of methyl, methylene groups, 1720 cm
-1
  is assigned to 
carbonyl streching vibration [84], 1650 cm
-1
  indicates the olefinic C=C vibration 
absorptions, 1542 cm
-1
  indicates the aromatic  C=C vibration absorptions, 1460 cm
-1
 
indicates metoxyl groups [105]. 
The strong bands illustrated the amount of ether structures were significant in 
sample. The medium bands illustrated methyl, methylene, carbonyl, metoxyl groups, 
and olefinic, aromatic structures presence. 
When SSL heated to 300 
o
C, the intensities of bands were decreased with respect to 
185 
o
C. The strong bands at 2923 and 2853 cm
-1
 indicate C-H stretching of methyl, 
methylene groups [84], 1600 cm
-1
 is assigned to skeletal vibrations of fused-ring 
aromatic structures [88], 1465 indicates metoxyl groups [105], 1416 and 1383 cm
-1
 
indicates methyl, methylene deformations [108], 1259, 1166, 1111, 1049 cm
-1
 are 
assigned to C-O stretching vibrations of ether structures [83]. The medium bands at 
1743 cm
-1
  is assigned to carbonyl streching vibration [84]. 
The strong bands illustrated the amount of ether structures were significant in 
sample. The medium bands illustrate methyl, methylene, carbonyl, metoxyl groups 
and  aromatic, olefinic structures presence. 
FTIR spectra of pyrolysed SSL sample at different temperature results were 
compared. The hydroxyl band was grown by increasing temperatures first and began 
to wane after 185
o
C. Carbonyl band was observed at easch pyrolysis temperature. At 
600
o
C, the intensity of the ether bands were reached the maximum value. Heating 
caused the aromatic band to grow and reached maximum intensity at 300
o
C. Methyl, 
methylene bands were grown by increasing temperature and reached maximum 
intensity at 300
o
C. Further heating caused to wane of these bands. Further heating to 
600
o
C, FTIR bands coalesce into broad peaks (see Figure C.11, Appendix C). 
6.4.2.3 Apricot stone results 
Apricot stone main sample  
FTIR analyses of heated apricot stone main sample at different temperatures were 
shown in Figure 6.16.a, 6.16.b.  
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Figure 6.16.a :  FTIR spectra of heated apricot stone main sample at different 
temperatures. 
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Figure 6.16 .b : FTIR spectra of heated apricot stone main sample at different 
temperatures. 
When ASM sample heated to 195
o
C, there were no substantial change observed at 
bands. The broad band at 3340 cm
-1
 indicates hydroxyl groups. The strong bands at 
2925 cm
-1
 and 2853 cm
-1
 indicate  methyl and methylene groups, 1745 cm
-1
 indicates 
carbonyl groups [84], 1163, 1105, 1044 cm
-1
 indicate ether type structures [109]. The 
medium bands at 1650 cm
-1
 indicates the olefinic structures as alkenes, 1537 and 
1460 cm
-1
 indicate aromatic structures [83],  1378  cm
-1
 indicates CH3 deformations, 
1242 cm
-1
 indicates the carboxylic acid or ether  structures [108]. The weak bands at 
900-700 cm
-1 
region indicates aromatic structures [83]. 
The strong bands illustrated the amount of methyl and methylene groups, carbonyl 
groups, ether type structures were significant in sample. The medium bands 
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illustrated the olefinic, aromatic, carboxylic acid structures. The weak bands 
illustrate aromatic structures.  
When ASM sample heated to 354
o
C, the resolution of the charecteristic cellulose 
bands were observed at 1200-1000 cm
-1 
region. The strong bands at 2926 cm
-1
 and 
2853 cm
-1
 indicate methyl and methylene groups, 1746 cm
-1
 indicates carbonyl 
groups [84], 1462 cm
-1
 indicates aromatic structures [83], 1159, 1093, 1076, 1046 
cm
-1
 indicate ether type structures [109]. The medium bands at 1648 cm
-1
 and 1603 
cm
-1
 indicates the olefinic structures [83], 1374 cm
-1
 indicates CH3 deformations 
[108]. The weak bands at 900-700 cm
-1 
region indicates aromatic structures [83]. 
The strong bands illustrated the amount of methyl and methylene groups, carbonyl 
groups, aromatic structures, ether type structures were significant in sample. The 
medium bands illustrated olefinic structures and CH3 deformations. The weak bands 
illustrated aromatic structures.  
When ASM sample heated to 420
o
C, the bands were observed as the bands at 354
o
C. 
The strong bands at 2926 and 2853 cm
-1
 indicate methyl, methylene groups, 1748 
cm
-1
 indicates carbonyl groups [84], 1582 and 1455 cm
-1
 indicates aromatic 
structures, 1235,1189, 1166, 1042 cm
-1
 indicate ether type structures. The medium 
bands at 1439, 1413 cm
-1
 indicate O-H bending vibration of alcohol [105], and 1373 
cm
-1
 indicate CH2&CH3 deformations of alkanes [108]. The weak bands at 900-700 
cm
-1 
region indicates aromatic structures [83]. 
The strong bands illustrate the amount of methyl, methylene, carbonyl groups, 
aromatic structures, ether type structures were significant in sample. The medium 
bands illustrated CH2&CH3 deformations. The weak bands illustrated aromatic 
structures. 
When ASM sample heated to 600 
o
C,  the strong bands were observed at 2923  and 
2853 cm
-1
 indicate methyl and methylene groups, 1746 cm
-1
 indicates carbonyl 
groups [84], 1561  and 1458 cm
-1
 indicate aromatic structures [83], 1114, 1044 and 
1021 cm
-1
 indicate ether type structures [109], 877  and 787 cm
-1
 indicate aromatic 
structures [83]. The medium bands at 1381 and 1242 cm
-1
 indicate CH2&CH3 
deformations of alkanes [108]. 
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The strong bands illustrated the amount of methyl and methylene groups, carbonyl 
groups, aromatic structures, ether type structures were significant in sample. The 
medium bands illustrate CH2&CH3 deformations.  
FTIR spectra of pyrolysed ASM sample at different temperature results were 
compared. There was a broad hydroxyl band was observed at main sample. This can 
be attributed to water absorbed on surface of main sample. Hydroxyl band was 
grown by incresing temperature up to 195
o
C. Further heating caused hydroxyl bands 
to wane. There were no significant changes observed at ether bands. Carbonyl bands 
were observed in all temperatures. Carboxylic acid band was observed at 195
o
C. 
Methyl deformation band was observed at 354
o
C, which was maximum 
decomposition rate temperature. Methyl, methylene groups were observed in low 
temperature with high intensity. Diminution of the methyl, methylene bands 
intensities was observed by the temperatures increases. Heating caused the aromatic 
band to grow. Further heating to 600
o
C, FTIR bands coalesce into broad peaks (see 
Figure C.12, Appendix C). 
Yip et al. [89] pointed out the biochar carbon structure becomes increasingly ordered 
and condensed with the enrichment of larger aromatic ring systems, induced by 
thermal annealing. In our study, thermal annealing made the same effect on aromatic 
structure of biochars. 
Apricot stone extracted sample  
FTIR spectra of heated apricot stone extracted sample at different temperatures were 
shown in Figure 6.17.a, 6.17.b.  
When ASE heated to 200
o
C, there were no observable changes except  intensities of 
the bands were suddenly decreased. The strong bands at 2924 and 2853 cm
-1
 indicate 
methyl and methylene groups [84], 1044 cm
-1
 indicates ether type structures [109]. 
The medium bands at 1741 cm
-1
 indicates carbonyl groups of esters [84], 1645 cm
-1
 
indicates olefinic structures, 1460 and 1515 cm
-1
 indicate the aromatic structures 
[83], 1378  cm
-1
 indicates CH3 deformations, 1243 cm
-1
 indicates carboxylic acids 
[108]. The strong bands illustrated the amount of methyl, methylene groups, ether 
type structures were significant in sample. The medium bands illustrated carbonyl  
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Figure 6.17.a :  FTIR spectra of heated apricot stone extracted sample at different 
temperatures. 
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Figure 6.17.b :  FTIR spectra of heated apricot stone extracted sample at different 
temperatures. 
 
 groups of esters, aromatic structures, CH3 deformations, aromatic structures and  
carboxylic acids presence. 
When ASE sample heated to 356
o
C the intensities were decreased and some 
resolution of bands were observed. The strong bands at 2923 cm
-1
 and 2850 cm
-1
 
indicate methyl and methylene groups. The medium bands at 1745 cm
-1
 indicates 
carbonyl groups of esters [84], 1697 and 1601 cm
-1
 indicates olefinic structures, 1462 
cm
-1
 indicates the aromatic structures [83], 1381  cm
-1
 indicates CH3 deformations, 
1046  cm
-1
 indicates ether type structures. The weak bands at 900-700 cm
-1
  region 
indicates  olefinic and aromatic structures. 
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The strong bands illustrated the amount of methyl, methylene groups were 
significant. The medium bands illustrated carbonyl groups of esters, aromatic 
structures CH3 deformations, ether type structures presence. The weak bands 
illustrate olefinic or aromatic structures. 
When ASE sample heated to 390
o
C, the intensities of bands were increased. The 
strong bands at 2926 cm
-1
 and 2850 cm
-1
 indicate methyl, methylene groups, 1600  
and 1455 cm
-1
 indicate the aromatic structures [83], 1380 cm
-1
 indicates CH3 
deformations [108], 1044 and 1018 cm
-1
 indicate ether type structures [109]. The 
medium bands at 1745 cm
-1
 indicates carbonyl groups of esters [84]. The weak bands 
at 900-700 cm
-1
 region indicates  olefinic and aromatic structures [83]. 
The strong bands illustrated the amount of methyl, methylene groups and aromatic, 
ether type structures, CH3 deformations were significant in sample. The medium 
bands illustrated carbonyl groups of esters. The weak bands illustrated aromatic 
structures. 
When ASE sample heated to 600 
o
C, the bands were broaden at aromatic structures 
region. The strong bands at 2926 cm
-1
 and 2850 cm
-1
 indicate methyl and methylene 
groups [84], 1046 and 1021 cm
-1
 indicate ether type structures [109]. The medium 
bands at 1743 cm
-1
 indicates carbonyl groups of esters [84], 1570  and 1458 cm
-1
 
indicate the aromatic structures [83], 1378 cm
-1
 indicates CH3 deformations [108].  
The strong bands illustrate the amount of methyl, methylene groups ether type 
structures were significant in sample. The medium bands illustrated carbonyl groups 
of esters, aromatic structures, and CH3 deformations. 
FTIR spectra of pyrolysed ASE sample at different temperature results were 
compared. There was no significal change was observed at hydroxyl bands after 
pyrolysis at different temperatures. Methyl deformation and carbonyl bands were 
observed at each pyrolysis temperature. Carbonyl bands were observed in all 
temperatures. Carboxylic acid band was observed at 200
o
C. Ether bands were 
observed at each pyrolysis temperature with maximum intensity at 600
o
C. Heating 
caused the aromatic band to grow and reached maximum intensity at 390
o
C. Further 
heating to 600
o
C, FTIR bands coalesce into broad peaks with lowest intensity (see 
Figure C.13, Appendix C). 
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Apricot stone holocellulose  
FTIR spectra of heated ASH sample at different temperatures were shown in Figure 
6.18.a, 6.18.b. 
 When ASH sample heated to 175
o
C, there were no significant change observed 
except increasing intensities. The strong bands at 2923 cm
-1
 and 2853 cm
-1
 indicate 
methyl, methylene groups [84], 1645 cm
-1
 indicates olefinic structures [83], 1076 and 
1028 cm
-1
 indicate ether type structures [109]. The medium bands at 1739 cm
-1
 
indicates the carbonyl groups of esters [84], 1535 and 1455  cm
-1
 indicates aromatic 
structures. 
The strong bands illustrate the amount of methyl, methylene groups, olefinic and 
ether type structures were significant in sample. The medium bands illustrated 
carbonyl groups of esters, aromatic structures. 
When ASH sample heated to 332
o
C, the intensities were decreased with respect to 
175 
o
C. The strong bands at 2923 cm
-1
 and 2849 cm
-1
 indicate methyl groups [84], 
1621 cm
-1
 indicates olefinic structures, 1458 cm
-1
 indicates aromatic structures [83], 
1378  cm
-1
 indicates CH3 deformations [108], 1112, 1044 and 1025 cm
-1
 indicate 
ether type structures [109]. The medium bands at 1739 cm
-1
 indicates the carbonyl 
groups of esters [84].  
The strong bands illustrated the amount of methyl, methylene groups, olefinic and 
aromatic structures, CH3 deformations, ether type structures were significant in 
sample. The medium bands illustrate carbonyl groups of esters presence. 
When ASH sample heated to 375
o
C, the intensities were suddenly increased with 
respect to 332
o
C. The strong bands at 2923 cm
-1
 and 2853 cm
-1
 indicate methyl 
groups[84], 1593 and 1456 cm
-1
 indicates aromatic structures[83], 1376  cm
-1
 
indicates CH3 deformations [108], 1098, 1046 and 1021 cm
-1
 indicate ether type 
structures [109].  
The strong bands illustrated the amount of methyl, methylene groups, aromatic 
structures, CH3 deformations, ether type structures were significant in sample.  
When ASH sample heated to 600
o
C, the intensities were decreased with respect to 
332
o
C. The strong bands at 2923 and 2853 cm
-1
 indicate methyl, methylene groups  
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Figure 6.18.a :  FTIR spectra of heated apricot stone holocellulose at different 
temperatures. 
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Figure 6.18.b :  FTIR spectra of heated apricot stone holocellulose at different 
temperatures. 
[84], 1645 cm
-1
 indicates olefinic structures, 1596  and 1456 cm
-1
 indicates aromatic 
structures [83], 1378 cm
-1
 indicates CH3 deformations[108], 1118, 1046 and 1020 
cm
-1
 indicate ether type structures[109]. The medium bands at 1743 cm
-1
 indicates 
the carbonyl groups of esters [84] and 873 cm
-1
 indicates aromatic structures [83]. 
The strong bands illustrated the amount of methyl, methylene groups, olefinic and 
aromatic structures, CH3 deformations, ether type structures were significant in 
sample. The medium bands illustrated carbonyl groups of esters and aromatic 
structures presence. 
FTIR spectra of pyrolysed ASH sample at different temperature results were 
compared. The hydroxyl band was grown by increasing temperatures and began to 
wane after 175
o
C. There were no significant changes observed at ether bands. They 
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were observed at each pyrolysis temperature with decreasing intensities after 175
o
C. 
Carbonyl band was observed at each pyrolysis temperature except 375
o
C. Methyl 
and methylene groups bands were reached maximum intensity at 600
o
C. Methyl 
deformations were observed after pyrolysis at 332
o
C. Heating caused the olefinic and 
aromatic bands to grow. Further heating to 600
o
C, FTIR bands coalesce into broad 
peaks (see Figure C.14, Appendix C). 
Apricot stone lignin  
FTIR spectra of heated ASL sample at different temperatures were shown in Figure 
6.19.a, 6.19.b. 
When ASL sample heated to 120
o
C, there were no significant changes observed. The 
strong bands at 2924 and 2853 cm
-1
 indicate methyl, methylene groups [84], 1460 
cm
-1
 is indicates metoxyl groups [105], 1282, 1166, 1067, and 1004 cm
-1
 are 
assigned to C-O stretching vibrations of ether structures, 884 and 849 cm
-1
 indicates 
C-H bending vibrations in aromatic structures [83]. The medium bands at 1739 cm
-1
 
is assigned to C=O vibrations in carbonyl groups [88], 1615 cm
-1
 indicates the 
olefinic C=C vibration absorptions, 1399 and 1376 cm
-1
 are assigned to
 
O-H&C-H 
bending vibration of the acid and phenolic hydroxyl groups [83],  and 1317 cm
-1 
ascribed to CH3 deformations [108]. 
The strong bands illustrated the amount of methyl, methylene, metoxyl groups and 
ether type, aromatic structures were significant in sample. The medium bands 
illustrated carbonyl groups, acids, olefinic and phenolic structures, and CH3 
deformations presence. 
When ASL sample heated to 190 
o
C, some changes were observed with respect to 
120 
o
C. The strong bands at  2923 and 2849 cm
-1
 indicate methyl, methylene 
groups[84], 1168, 1114, 1042, 1023 cm
-1
  are assigned to C-O stretching vibrations 
of ether structures [83]. The medium bands at 1715 cm
-1
  indicates C=O stretching of 
saturated ketones [88], 1648 cm
-1
 indicates C=C vibration conjugated with aromatic 
rings, 1560 cm
-1
 is assigned to aromatic C=C streching vibrations [83], and 1458 cm
-
1
 is indicates metoxyl groups [105]. 
The strong bands illustrated the amount of methyl, methylene groups and ether 
structures were significant in sample. The medium bands illustrated carbonyl, 
metoxyl groups, and aromatic structures presence. 
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Figure 6.19.a :  FTIR spectra of heated apricot stone lignin  at different temperature. 
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Figure 6.19.b : FTIR spectra of heated apricot stone lignin at different  
                         temperature. 
When ASL sample heated to 305
o
C, the resolution of the bands and decreasing 
intensities were observed with respect to 190
o
C. The strong bands at  2923 and 2853 
cm
-1
 indicate methyl, methylene groups [84], 1624 cm
-1
 indicates the aromatic C=C 
vibration absorptions [83], 1460 cm
-1
 indicates metoxyl groups [105], 1049 and 1021 
cm
-1
 are assigned to C-O stretching vibrations in ether structures [83]. The medium 
bands at 1739 cm
-1
 is assigned to C=O streching of carbonyl groups [88]. 
The strong bands illustrated the amount of methyl, methylene, methoxyl groups and 
ether and aromatic structures were significant in sample. The medium bands 
illustrated carbonyl groups presence. 
When ASL sample heated to 600
o
C, there were no significant changes observed with 
respect to 305 
o
C. The strong bands at  2923 and 2853 cm
-1
 indicate methyl, 
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methylene groups [84], 1048 and 1023 cm
-1
 are assigned to C-O stretching vibrations 
in ether structures [83]. The medium bands at 1738 cm
-1
 is assigned to C=O 
streching of carbonyl groups [88], 1647, 1558 cm
-1
 indicates the aromatic C=C 
vibration absorptions [83] and 1463 cm
-1
 indicates metoxyl groups[105]. 
The strong bands illustrated the amount of methyl, methylene groups and ether 
structures were significant in sample. The medium bands illustrated carbonyl groups, 
aromatic structures presence. 
FTIR spectra of pyrolysed ASL sample at different temperature results were 
compared. There were no significant changes was observed at hydroxyl bands. 
Methyl, methylene bands were reached maximum intensity at 120
o
C and decreased 
by increasing temperatures. Carbonyl band was observed at each pyrolysis 
temperature. At 120
o
C, the intensity of the ether bands were reached the maximum 
value. Heating caused the aromatic band to grow and reached maximum intensity at 
190
o
C. Further heating to 600
o
C, FTIR bands coalesce into broad peaks after 305
o
C. 
(see Figure C.15, Appendix C). 
6.5 BET Analyses Results 
Surface area analyses results of unpyrolysed samples and their structural components 
were shown in Table 6.9. 
The results of the unpyrolysed samples and their structural components surface area 
were evaluated among themselves. The results showed that, HPM sample had the 
highest and ASM sample had the lowest surface area. HPE sample had much more 
higher surface area than the other two extracted samples. HP had the lowest 
extractive matter content. The increases in surface area after extractive matters were 
released showed inverse effect in extractive matter content of samples. In 
holocellulose samples, ASH sample had the highest surface area, SSH sample had 
the lowest surface area. In lignin samples, SFL sample had the highest surface area 
and HPL sample had the lowest surface area. The results showed that, each biomass 
sample had different morphologies.  
Surface area analyses results of pyrolysed samples and their structural components 
were shown in Table 6.10. 
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Table 6.9: Specific surface area of the unpyrolysed main samples and structural components. 
 
Table 6.10: Specific surface area of the pyrolysed samples at different temperature. 
n/a: not available
 Hybrid Poplar  Sunflower Stalk and Stover  Apricot Stone 
 Main 
Sample 
Extracted Holocellulose Lignin  
Main 
Sample 
Extracted Holocellulose Lignin  
Main 
Sample 
Extracted Holocellulose Lignin 
Specific surface area 
(m2/g) 
12.94 8.46 0.59 0.53  11.69 0.314 0.09 7.89  3.49 0.16 4.07 7.65 
 Hybrid Poplar 
 Main Sample  Extracted   Holocellulose   Lignin  
Temperature (oC) 210 354 400 600  225 370 405 600  190 328 370 600  120 175 310 600 
Specific surface area (m2/g) 1.72 1.72 2.35 236.94  6.22 1.42 1.68 480.09  1.16 2.89 5.64 12.69  0.88 2.53 n/a 157.97 
 Sunflower Stalk and Stover 
 Main Sample  Extracted   Holocellulose  Lignin  
Temperature (oC) 150 318 370 600  200 340 385 600  190 250 300 350 600  120 185 300 600 
Specific surface area (m2/g) n/a 0.45 5.92 4.66  2.94 7.50 5.81 11.54  0.67 0.98 n/a 1.06 0.83  n/a 1.93 n/a 43.41 
 Apricot Stone 
 Main Sample  Extracted   Holocellulose   Lignin  
Temperature (oC) 195 354 420 600  200 356 390 600  175 332 375 600  120 190 305 600 
Specific surface area (m2/g) 0.57 4.22 2.47 13.94  0.55 0.48 n/a 16.82  1.23 0.14 5.94 2.00  0.73 1.30 n/a 101.60 
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Surface area analyses of the pyrolysed HP and structural components at different 
temperatures were performed. For HPM sample, the decreases were observed after 
pyrolysis at 210
o
C and no change was observed at 354
o
C. The increases were 
observed at 400
o
C and reached 18 times higher value at 600
o
C. For HPE, there was a 
slight decrease was observed at 225
o
C and continued to 370
o
C. The increases were 
observed after 370
o
C and reached 56 times higher value at 600
o
C. For HPH sample, 
the increases of values were observed with temperature increases and reached 21 
times higher value at 600
o
C. For HPL sample, the increases of values were observed 
with temperature increases and reached 298 times higher value at 600
o
C. The 
greatest increment of surface area was observed at HPL sample (see Figure D.2, 
Appendix D). 
Surface area analyses of the pyrolsed SS and structural components at different 
temperatures were performed.  
For SSM sample, the decreases were observed after pyrolysis at 318
o
C and finally 
shrink to the 1/2 times of main sample. For SSE sample, the increases were observed 
at 200
o
C to 340
o
C. There was a slight decrease at 385
o
C, and reached 37 times higher 
value at 600
o
C. For SSH sample, the increases were observed with increasing 
temperatures and reached 9 times higher value at 600
o
C. For SSL sample, the 
decrease was observed at 185
o
C, but reached 6 times higher value at 600
o
C. The 
greatest increment of surface area was observed at SSE sample. 
Surface area analyses of the pyrolysed AS and structural components at different 
temperatures were performed. For ASM sample, the decrease was observed at 195
o
C 
and 420
o
C. The increases were observed at 354
o
C, and reached 4 times higher value 
at 600
o
C. For ASE sample, the increases were observed and reached 105 times 
higher value at 600
o
C. For ASH, the increase only observed at 375
o
C. Surface area of 
the ASH sample was shrinked to 1/2 times value at 600
o
C. For ASL sample, the 
decreases were observed under 305
o
C, but reached 13 times higher value at 600
o
C. 
The greatest increment of surface area was observed at ASE sample. 
The structural components of samples were evaluated among themselves. It was 
observed that, greatest increment of main sample in HPM sample, greatest increment 
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of extracted sample in ASE sample, the greatest increment of holocellulose sample in 
HPH sample, the greatest increment of lignin sample in HPL sample at 600
o
C with 
increasing temperature. The highest holocellulose content of HP was due to the 
highest surface area increment of HP (see Figure D.1, D.2, Appendix D).  
Lv et al. [76] investigated the surface areas of chars after pyrolysis. He revealed that 
rice-straw and rice-husk samples became porous structures during pyrolysis, and the 
BET surfaces increased obviously. In our study, BET surface area of HPM sample 
increased from 12.94 to 236.94 m
2
/g and ASM sample increased 3.49 to 13.94 m
2
/g. 
BET surface area of SSM sample decreased from 11.69 to 4.66 m
2
/g, in contrast the 
increases in its structural components. This may be attributed to effect of structural 
components. 
6.6 SEM Analyses Results 
Scanning electron microscopy (SEM) was performed to obtain an interview about 
structure of biomass samples and their structural components which were pyrolysed 
at their maximum decomposition rate temperatures determined from DTG curves of 
each sample. 
6.6.1 Hybrid poplar results 
SEM images of hybrid poplar main sample and its structural components were 
shown in Figure 6.19. Images reveal the structural differences among the fractions. 
Removal of the extractives from biomass and further treatments to isolate 
holocellulose and lignin led to morphological changes. From the image, it can be 
observed that the HPM has more leafy and porous structure than HPE. The porous 
structure of main sample can be explained by larger BET surface area than extracted 
sample (see Table 6.9).  
In HPH, the structure is totally changed. It has highly porous structure that has higher 
BET surface area than the other structural components. 
Lignin plays a binding role between hemicellulosics and celluloses in the cell. So the 
absence of lignin gave rise to a structure that as if it is a binderless material which is 
easy to disintegrate. Lignin structure is relatively more compact and it does not seem 
the other fractions [79]. 
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The compact structure was observed in hybrid poplar lignin. BET surface area of 
lignin was smaller than the surface area of HPH sample. 
 
Figure 6.20 : SEM images of pyrolysed hybrid poplar main sample ((a) 354
o
C), 
extracted sample ((b) 370
o
C), holocellulose ((c) 328
o
C), lignin ((d) 
175
o
C) . 
6.6.2 Sunflower stalk and stover results 
SEM images of SSM sample and its structural components were shown at Figure 
6.20. 
Treatment with solvents and eliminate some of the inorganics by washing from main 
sample, leading changes in morphology [112]. The morphology of SS was totally 
changed after removal of the extractives due to the highest extractive matter content. 
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The porous structure of sample developed and BET surface area reached 15 times 
larger than main sample.  
SSH was observed as lumpy solid. It may be attributed to larger BET surface area of 
holocellulose than main sample. 
In fact, decomposition of cellulosics forms the volatile products, whereas lignin not 
only contributes to solid char but also it determines the char microporosity [113]. In 
this context, it was observed that, the porous structure of lignin sample was increased 
during the pyrolysis process, compared to main sample. But the porous structure of 
lignin was still lower than holocellulose because of its larger BET surface area. 
 
Figure 6.21: SEM images of pyrolysed sunflower stalk and stover main sample ((a) 
318
o
C), extracted sample ((b) 340
o
C), holocellulose ((c) 250
o
C), and 
lignin ((d) 185
o
C) . 
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6.6.3 Apricot stone results 
SEM images of ASM sample and its structural components were shown in Figure 
6.22. 
ASM sample was observed as a porous solid with micropores in image. After 
extraction process, the morphological changes were observed. The porous structure 
of ASM sample has changed and gained a lumpy solid appearance. This result 
supported by the BET surface area results of extracted sample.  
 
           Figure 6.22 : SEM images of pyrolysed apricot stone main sample ((a) 
354
o
C), extracted sample ((b) 356
o
C), holocellulose ((c) 332
o
C), 
and lignin ((d) 190
o
C). 
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It was observed that, the surface area of ASM sample shrinked after the extractive 
matter removal process. 
ASH sample was observed as a leafy solid with small particles. Also the morphology 
of lignin sample was observed totally different from ASH sample. It was observed 
that lignin sample was changed and got more compact structure than the other two 
lignin samples. BET surface area of apricot stone lignin was decreased at maximum 
decomposition rate temperature compared to apricot stone main sample (see Table 
6.10). 
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7. CONCLUSION AND RECOMMENDATIONS 
 Cellulose, hemicellulose, lignin and extractive compounds are the major 
constituents of biomass which are present in different ratios and different 
species. HP had the highest holocellulose, and the lowest extractive matter 
content. SS had the highest extractive matter, and the lowest lignin content. 
AS had the highest lignin, and the lowest holocellulose content.  
 Fixed carbon content of lignin and holocellulose structural components had 
enhancing effects on calorific values of main samples.  
 Lignin had the highest fixed carbon content when compared to the other 
structural components.  
 The gross calorific value of produced biochars tend to increase with 
increasing biochar producing temperature. The greatest increment at gross 
calorific values were observed at chars that were produced at 600
o
C.  
 The greatest increment of gross calorific values were observed at HPL sample 
with 106.20%, SSH sample with 109.98%,  ASH sample with 74.86%. 
 Ash and fixed carbon contents of produced biochars were increased after 
pyrolysis process at 600
o
C. The greatest increment of fixed carbon content 
was observed at HPE sample with 616%, SFE sample with 415%, ASM 
sample with 513%. 
 Holocellulose and extracted component of all three biomass samples had 
higher RMax than main samples. If so, holocellulose had enhancing effects, in  
contrast, extractives had reducing effects on RMax.  
 The higher the cellulose content, the faster the pyrolysis rate. HP had the 
highest pyrolysis rate with highest holocellulose content.  
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 Holocellulose components of all three biomass samples had lower TR-Max than 
main samples. In contrast, extracted sample had higher TR-Max than main 
samples. Thus, holocellulose and extractives had reducing effects on TR-Max.  
 Lignin had more enhancing effects on char yield than holocellulose for  
biomass samples. 
 Ash content of main samples were effected by the ash content of lignin 
samples. 
 In the case of the high ash content in lignin, char yields tend to increase. SSL 
sample had the highest char yield in all structural components, although it had 
the lowest lignin content. This high char yield can be attributed to the highest 
ash content. 
 Calcium content of all three biomass extracted samples were higher than 
main samples. Ca could not be removed by extraction process. 
 The presence of chlorine content cause the high emissions and corrosive 
effects for pyrolysis and solid waste incineration systems. In this context, the 
highest chlorine content of SS and the highest sulphur content of HP may 
cause the corrosive effects and the formation of dioxin and furans. 
 The bands of holocellulose were similar to the bands of all main samples. 
 Some of the lignin bands were obscured by the much stronger carbohydrate 
bands.The diagnostic carbohydrate bands were observed at 1200-1000 cm
-1
 
region, while the diagnostic lignin bands were observed at 1600-1100 cm
-1
.  
 Lignin bands of three biomass samples were at similar positions. Intensities 
varied depend on the lignin monomeric unit species. 
 Lignin contains many functional groups. Methoxyl groups were determined 
in all biomass samples, which were the most apperent species of the lignin. 
 SSE sample showed much more stronger bands and highly broad hydroxyl 
band than SSM sample.  
 In HPE and ASE samples decreasing intensities of bands were due to the 
extractives particularly removed. In ASE sample, increasing intensities of 
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aromatic bands were due to the enrichment of aromatic structure after 
extraction process. 
 In HPM and HPL samples, there were no significant changes observed at 
ether bands except decreasing intensities. In HPE and HPH samples, the 
resolution of ether bands were observed after the end of the volatile matter 
release temperature.  
 In SSM sample and structural components, ether bands existed at high 
temperatures. In SSL sample intensity of the ether bands reached the 
maximum value at 600
o
C, while the reductions of intensities observed in 
other structural components of SS sample. 
 In ASM sample, ASH, and ASL samples there were no significant changes 
observed at ether bands except decreasing intensities. In ASE sample the 
intensity of ether band increased with increasing temperatures. 
 Carbonyl bands of HP and structural components, disappeared with incresing 
temperature.  
 Carbonyl bands of SFM sample disappeared with increasing temperature, 
although the carbonyl bands still existed in the other structural components at 
high temperatures.  
 Carbonyl bands of ASM sample, ASE and ASL samples still existed at high 
temperatures. In  ASH sample carbonyl bands disappeared at 375
o
C, and then 
appeared at 600
o
C. 
 Methyl deformation bands reached maximum intensity at maximum 
decomposition rates and continued to 600
o
C in all main samples and 
structural components except lignin. 
 Substantial diminution of the hydroxyl bands were observed with increasing 
temperatures in all samples and their structural components. 
 The intensity of wax bands (CH2, CH3) both decreased in HPM, HPL and 
ASM, ASL samples and both increased in HPE, HPH and ASE, ASH samples 
with increasing temperatures. The intensity of wax bands both increased in 
SS sample structurals, with increasing temperature. 
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 Aromatic bands of all samples and their structural components grown with 
increasing temperatures. 
 Carboxyl bands were observed in ASM and ASE samples at low 
temperatures. 
 Carboxyl bands were observed in HPM sample at 354oC, in HPE and HPH 
samples at higher temperatures. 
 Carboxyl bands were observed in SSM sample at 150 oC, in SSE and SSH 
samples at higher temperatures. 
 The resulting biochar contains large amounts of aromatic and ether type 
structures. 
 The increases in surface area after extractive matters were released showed 
inverse effect in extractive matter content of samples. 
 The highest surface area increment of HP was due to the highest 
holocellulose content of sample. 
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APPENDICES 
Appendix A . Thermal Analyses of Samples 
 
Figure A.1 : TG curves for the hybrid poplar structural components obtained in  
nitrogen gas flow of 100 ml/min and at heating rate of 10
o
C/min. 
 
Figure A.2 : TG curves for the sunflower stalk and stover structural components 
obtained in nitrogen gas flow of 100 ml/min and at heating rate of 
10
o
C/min. 
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Figure A.3 : TG curves for the apricot stone structural components obtained in 
nitrogen gas flow of 100 ml/min and at heating rate of 10
o
C/min. 
 
 
Figure A.4 : TG curves for the main samples obtained in nitrogen gas flow of 100 
ml/min and at heating rate of 10
o
C/min. 
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Figure A.5 : DTG curves for the main samples obtained in nitrogen gas flow of 100 
ml/min and at heating rate of 10
o
C/min. 
 
 
Figure A.6 : DTG curves for the extracted samples obtained in nitrogen gas flow of 
100 ml/min and at heating rate of 10
o
C/min. 
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Figure A.7 : DTG curves for the holocellulose samples obtained in nitrogen gas flow 
of 100 ml/min and at heating rate of 10
o
C/min. 
 
 
Figure A.8 : DTG curves for the lignin samples obtained in nitrogen gas flow of 100 
ml/min and at heating rate of 10
o
C/min. 
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Figure A.9 : DTA curves for structural components of  hybrid poplar obtained in 
nitrogen gas flow of 100 ml/min and at heating rate of 10
o
C/min. 
 
 
Figure A.10 : DTA curves for structural components of sunflower stalk and straw 
obtained in  nitrogen gas flow of 100 ml/min and at heating rate of 
10
o
C/min. 
158 
 
 
Figure A.11 : DTA curves for structural components of apricot stone obtained in 
nitrogen gas flow of 100 ml/min and at heating rate of 10
o
C/min. 
 
 
Figure A.12 : DTA curves for main samples obtained in nitrogen gas flow of 100 
ml/min and at heating rate of 10
o
C/min. 
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Figure A.13 : DSC curves for structural components of hybrid poplar obtained in 
nitrogen gas flow of 100 ml/min and at heating rate of 10
o
C/min. 
 
Figure A.14 : DSC curves for structural components of sunflower stalk and straw       
obtained in nitrogen gas flow of 100 ml/min and at heating rate of 
10
o
C/min. 
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Figure A.15 : DSC curves for structural components of  apricot stone obtained in  
nitrogen gas flow of 100 ml/min and at heating rate of 10
o
C/min. 
 
Figure A.16 : DSC curves for main samples obtained in  nitrogen gas flow of 100 
ml/min and at heating rate of 10
o
C/min. 
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Figure A.17 :  Char yields of biomass samples with increasing temperatures. 
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Appendix B.  XRD Analyses of Samples 
 
Figure B.1 : XRD analysis of hybrid poplar main sample. 
 
Figure B.2 : XRD analysis of hybrid poplar extracted sample. 
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Figure B.3 : XRD analysis of hybrid poplar holocellulose. 
 
 
Figure B.4 : XRD analysis of hybrid poplar lignin. 
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Figure B.5 : XRD analysis of sunflower stalk and stover main sample. 
 
 
Figure B.6 : XRD analysis of sunflower stalk and stover extracted sample. 
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Figure B.7 : XRD analysis of sunflower stalk and stover holocellulose. 
 
 
Figure B.8 : XRD analysis of sunflower stalk and stover lignin. 
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Figure B.9 : XRD analysis of apricot stone main sample. 
 
 
Figure B.10 : XRD analysis of apricot stone extracted sample. 
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Figure B.11 : XRD analysis of apricot stone holocellulose. 
 
 
Figure B.12 : XRD analysis of apricot stone lignin. 
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Table B.1 : XRD spectra peak list of main samples and their structural components.
Main Samples and Structural Components Peak List  
H
y
b
ri
d
 P
o
p
la
r 
 
Main Sample 
 
 
(C6H10O5)n; 
  Cellulose 
C32 H62 CaO4 ;  
Calcium palmitate 
Mg S;  
Magnesium 
Sulfide 
SiO2;  
Tridymite 
 
 
Extracted 
Si O2; 
 Silicon Oxide 
C12H10CaO8H2O;  
Calcium 1-phenol-4-sulfonate 
hydrate 
(C6H10O5)n;   
Cellulose 
C16H16O2; 
4,4-Dimethoxystilbene 
diDimethoxystilbene 
K2S 
Potassium Sulfide 
Holocellulose 
Mg(H2O)6(ClO2)2; 
Aqua Magnesium Chlorate 
 
C12H8Cl2;  
Dichlorobiphenyl 
C32H62CaO4; 
Calcium palmitate 
 
Lignin 
K2S2O7; 
Potassium Sulfate 
Mg3S2O8(OH)2; 
Magnesium Sulfate Hydroxide 
   
S
u
n
fl
o
w
er
 S
ta
lk
 a
n
d
 
S
to
v
er
 
Main Sample 
(C6H10O5)n; 
 Cellulose 
    
Extracted 
(C6H10O5)n; 
Cellulose  
C32H64O4; 
Calcium palmitate 
   
Holocellulose 
NaCl;  
Sodium Chloride 
C2H 4.5CaO6.25; 
Calcium Oxalate Hydrate 
C32H62CaO4; 
Calcium palmitate 
 
  
Lignin 
CaSO4; 
Calcium Sulfate 
K4CaSi3O9; 
Potassium Calcium Silicate 
Fe.95O; 
W\P Istite,syn 
  
A
p
ri
co
t 
 S
to
n
e
 
Main Sample 
(C6H10O5)n; 
Wheat starch 
Na Ca(NH2)3; 
Sodium Calcium Amide 
   
Extracted 
(C6H10O5)n; 
Wheat starch 
Na Ca(NH2)3; 
Sodium Calcium Amide 
   
Holocellulose 
KCl; 
Potassium Chloride 
C54H104O6; 
triheptadecanoin 
 
   
Lignin -    
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Table B.2 : XRF results of main samples and their structural components (%). 
Sample  
 
Hybrid poplar  Sunflower stalk and stover  Apricot stone 
  Main sample Extracted Hollocellulose Lignin  Main sample Extracted Hollocellulose Lignin  Main sample Extracted Hollocellulose Lignin 
Cd 0,009 0,008 0,008 0,015  0,008 0,009 0,009 0,009  0,009 0,008 0,009 0,002 
Pd 0,003 0,004 0,004 <LOD  0,003 0,004 0,002 <LOD  0,003 0,002 0,004 0,003 
Ag 0,004 0,003 <LOD <LOD  <LOD <LOD 0,002 <LOD  0,002 <LOD 0,003 0,003 
Zn 0,049 0,042 0,019 0,063  0,012 0,019 0,010 0,028  0,003 0,044 0,011 0,005 
Cu 0,030 0,025 0,029 <LOD  0,023 0,028 0,008 <LOD  0,019 0,023 0,016 0,008 
Ni <LOD 0,019 <LOD <LOD  0,016 <LOD 0,020 <LOD  0,010 <LOD 0,019 0,078 
Fe 0,414 0,536 0,374 1,366  0,215 0,263 0,249 0,954  0,134 0,228 0,139 0,147 
Cr 0,195 0,266 0,271 0,206  0,158 0,226 0,104 0,221  0,108 0,166 0,107 0,101 
Al <LOD <LOD <LOD <LOD  <LOD <LOD <LOD <LOD  <LOD <LOD <LOD <LOD 
P <LOD <LOD <LOD <LOD  <LOD <LOD <LOD <LOD  0,287 0,168 <LOD <LOD 
Si 1,218 1,681 0,867 <LOD  0,784 1,363 0,715 12,650  0,364 0,376 0,276 0,441 
Ca 7,919 10,130 7,925 2,475  11,522 17,929 7,177 10,803  2,052 3,570 1,742 1,312 
K <LOD <LOD <LOD <LOD  22,404 <LOD <LOD <LOD  <LOD <LOD <LOD <LOD 
Cl* 0,363 0,446 12,081 <LOD  3,581 1,051 6,115 <LOD  0,211 0,320 5,008 0,214 
S* 0,626 0,533 0,306 30,765  0,504 0,553 0,068 27,284  0,379 0,758 0,145 21,478 
Mg 3,923 <LOD <LOD <LOD  <LOD 2,954 <LOD <LOD  <LOD <LOD <LOD <LOD  
 
 Total 14,753 13,693 21,884 34,89  39,23 24,399 14,479 51,949  3,581 5,663 7,479 23,792 
*Values expected from analyses reactants. 
<LOD level of detail. 
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Appendix C.  FTIR Spectra of Samples 
 
Figure C.1 : FTIR spectra of hybrid poplar structural components. 
 
 
Figure C.2 : FTIR spectra of sunflower stalk and stover structural 
components. 
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Figure C.3 : FTIR spectra of apricot stone structural components. 
 
 
Figure C.4 : FTIR spectra of hybrid poplar main sample pyrolysed at 
different  temperatures. 
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Figure C.5 : FTIR spectra of hybrid poplar extracted sample pyrolysed at 
different  temperatures. 
 
Figure C.6 : FTIR spectra of hybrid poplar holocellulose sample pyrolysed 
at different  temperatures. 
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Figure C.7 : FTIR spectra of hybrid poplar lignin sample pyrolyzed at 
different  temperatures. 
 
Figure C.8 : FTIR spectra of sunflower stalk and stover main sample 
pyrolyzed at different  temperatures. 
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Figure C.9 : FTIR spectra of sunflower stalk and stover extracted sample 
pyrolyzed at different  temperatures. 
 
Figure C.10 : FTIR spectra of sunflower stalk and stover holocellulose 
pyrolyzed at different  temperatures. 
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Figure C.11 : FTIR spectra of sunflower stalk and stover lignin pyrolyzed 
at different  temperatures. 
 
Figure C.12 : FTIR spectra of apricot stone main sample pyrolyzed at 
different  temperatures. 
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Figure C.13 : FTIR spectra of apricot stone extracted sample pyrolyzed at 
different  temperatures. 
 
Figure C.14 : FTIR spectra of apricot stone holocellulose pyrolyzed at 
different  temperatures. 
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Figure C.15 : FTIR spectra of apricot stone lignin pyrolyzed at different  
temperatures. 
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Appendix D. BET Analyses of Samples 
 
Figure D.1 : BET surface area changes of main samples with increasing 
temperature. 
 
 
Figure D.2 : BET surface area changes of lignin samples with increasing 
temperature. 
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